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ABSTRACT

A recent review of nuclear groundshock test data revealed oscillatory notions
of undetermined origin, but of sufficient magnitude to be of concern in the
design of shock isolation systems for underground protective structures.
Response spectra of the oscillations exhibited amplification ratios far
exceeding tiýose employed in most groundshock pre~iction methods, the ratios
being functions of the number of oscillations, and the auplitude and period of
each cycle. As the source of the oscillations was not identified, there was
no rational basis for relating these waveform parameters to such basic site
and weapon conditions as yield, range, geologic structure and properties of
the medium. In this investigation, two possible sources of the oscillatory
motion are examined. First, the propagation of waves in a stratified site
are studied and their directions and phase relationships estimated by use cf
wavefront diagrams and time-distance curves. Second, the form and strength of
Rayleigh waves in an elastic, homogeneous half-apace w:ich re& It from surface
pressure distributions similar to those generated by nuclear bursts were
calculated. In both cases, oscillatory phenomena can be predicted and certain
features related to the observed oscillations. However, the simple approaches
employed in this analysis will not yield realistic wave strengthe and thus,
the composite waveform at a point in the half-space cannot be determined
quantitatively.

(DISTRIBUTION LIMITAXION STATD4RNT NO. 2)
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1. IW1BDT1TION.

ol A. Background. For the past several yearsi, considerable attention

has been focused on various aspects of the design of shock isolation

systems for use in underg.ound protective structures.* A better definition

of the groundshock., of course., has been the goal of numerous studies of

veapons effects, both from the theoretical approach and lorom continued

efforts to extract more detailed information from the limited number of

nu,1ear teat data. Petveen the free field ground motion and the input to

the shock isolation system lies a capsule or other enclosing structures

and its dynamic response to the groundahock defines the nature and strength
of the shock from Vhich equipment and personnel muzst be protected. Here

again, both theory and experiment are being employed to evaluate the inter-

* actions and to formulate design p.:ocedures.

The analysis of the shock isolation system itself as an elastically sup-
ported rigid body having six degrees-of-freedom has been the subject of

inn~umerable studies; although, in fact,. mthods for treating such problems.,

both linear and nonlinear have been well established. for nowe tim. In

this case thes objective has beeý. nore one of familiarizing the designer

with available techniques than of developing new one~s. Similarly, the

feasibility of a wide variety of shock isolation devices, genorally based4

on adaptations of existing principles, has been imaetigated end varilas

systems have been propowed as offering unique adlurtages.

With the accumulat ion of a sizeable fund of operatlng and test experiamo.,

and here, of course* "operating" i~lies static operation MAn wt exposur

to the deal"t shock, more detailed roquiramets have beou encountered ian

re1ported in the litersture, Sua considerations, for exVlas include,
*comensation for load chenges, maintenance techniques whieb can b*employed
R itbont sacrificing bardnels levels sign.Lficanc of mawfacbwrin tolerances

an perforwaneo ewsiamticms of tne magnitude of. air mods acting om the

* structure dues to its mtion relat.ive to te espeulap efftcts of flexdibIlit
of the supported struture and the transmi ssion of high-fresiumcy weel.-

roatins thrtwhb the mancmaical elemuts of the Isolator.
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GOAptstudies of advanced facilities have also contributed, to the recog-

uition of problems relating to the design of current as wýril as future

&bock isolation sysetm and have stimuilated the investigatioc. of exotic

dead~us. extrapolating curreut dealigns to very large or very hard

lawtallaticinas, veakesses in the, designs and thet design procedures now

e~loje& feqntly have become apparent.

Ame each Of theme problem areas Is examined in detail and it is a"cc-

taewA Whether engioee.-ing information or engineering. knowledge is needed,

it qpesrs to be clear tkhAt almost all of the problems fall in the former

category. It is not implied that the design of shock isolation systawn

for this application has been reduced to pure routine and that no further

developmntal or renearch effort is warranted. It li believed, however,

that if performance criteria are established completel~y andi quantitatively
prior to design, and i f a development program is conducted in accordance
with the high standards practiced in eqiaaU~y important engineering under-

takings, most of the problems noted above could be resolved with a high

level of confidence.

The outsteam" exception is withi those elomnts of the isolation system

hich awe sensitive to aspects of the inp-t. which cannot be evaluated writh

the needed sco~wacy by any knovn weapons effects prediction method. For

exa1bs, certain features of the time hisjtory of +~esokmatb nw

in arder to determine the dynamic rtspotnses of nonlinear or rheolinear

elements or sItin0. ame with coupled or higdly damped linear iystems,

accUrate MUMc10tioin of ths Peak response requires. some informat5~o on the

Oatto* of the wVeforls, and, to evaluzzo the frequency content of the output,#

the. input disturtnba must be kmowi as a function of tiM. Wil, a number

of gtmutgral eleinots and aL few shock isolation syste= my be etrwxi-.

otad with afoeptcblo accuracy aw sirgle dogree-ot-freetiomi, U~tly diamped

osclltors, a moat siptifiecat percentage cannc' iauss the Identification

at input wvetram parmearta which can influence the responses of "ytem

typIe &3. thos:e olcv -in underzuarl Protectivt .'ý.naetures appears to
be the W"e i"ortunt siftle rees~rch proble remaining to be resolved.

2
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It is possible through the judicious selection of suspension kinematics

and isolator characteristics to mininmize this dependence of isolation
system response on the less prAictable features of the input waveform.

Inieedo to ensure that the highest level of confidence in the ability of

the soystem to perform as expected is achieved,# practical designs should

begin vith-insensitivity as one of the stated design objectives. Bj

assigning ley2ils of confidence to each of the predicted parameters of the

shock inp~at and by relating the various responses or the system to these

parainters, the d1irec-I&on in which optimization should proceed becomes
clearly evident.

Hovoverj confidence level is not the only~ criterion of perform, Md

other design goals render it rarely possible to achieve the dpizae of

uncoupling of response from inpuzt which the uncertainty surrou.Aing the

details of the input would appear to warrant. ?bus %ibile a strong effort 4

should be made in every came to reduce the sensitivity of the system to a

mini==m consistent with the other performance objectives, the design of

most practical systems vili require amre inforawtion concernizv, the input

than that afforded by current grounishock prediction techniqiue.;ý

until 3 recently, the only informstion "d.scrib1.ng the nature of the *back
envirommut which ms specified an a 'basis for the design of shook -io-

lat ion symtemi vas a frequoncy spectrum of the envelope CC the respUAnse
of linear, unsied. system. thse" spectra wa formullaedbyps.**
prediction methods based an tests conducted at the ftraa Test Site and the

* b~~adwtA ?rovirlg Oround. both waveforms Wa spectra VW*r *taaD4 4d0win

the tests. Momwier only gross c~saractoristic fteture# of the %mveforms

couM1s be identifiead; tbus, except for a limited oe r ofPasat~es the
prediction mtbods WOarecdteotd tmvrd tUe snthesis of repns pistta

S roathr them of til histories. Frother, the geologic foruatlons at the
test sltes waft not tweaol of tbr.*e at which Most uNierpouft, Proteetivew

* strut~WO aft constwmted nor Wr the weepon six" of the uapiitui of
tho~'e nov being coma4rea~. In SWUMon, insuffriciant site NA ofMR

partigtrs c~ould be 'art A durving the test to mVabafe Offp1-to~ th



oftsof eacb. 2ihrefme,, to extrapolate these data to other site and q

""M~0 @oiiticas of Is %arests simle linear, one-d.mensional relationships

vae m~ud extmsivels.

4. ai moms for estimating the gross strength of the shock vtich might be

~ete~to Oseur 1Especified conditions., these predicti on metbods have

blonf vita 1otme to the pvtotctive structure prigrea. Indeed with-

04 14111 ltls unlikely that the design of structures o~f significant

-tiftes vadA haew been att.wpte. thus these prediction techniques,

=cd* as they wr be# have played an invaluable role in the construction

of all harend facilities In the United States.

3yw,# to util.se, the lmited informationx available on the nature of the

pnSt O am early analyses of shock iL-olat ion s~ystemrs and other structural

eamovnsts of protective facilities eiwloyed, of necessityp many sinplifyirig 4

aesinrtimn5. In most cast& the systems vere regarded as being li near and

*~re time histories of the input were essential, mny pulse whose respcxxse

spoctrum matebad or wexeed the des ign spectrum in the frequencir range of

interest was accepted as a suitable representation. However as the intended

bsydness level of each now facility increased,, the requirements f or an ever

pester reliab Iility. and a mwie zarly, optirnim design ro~se correspondingly.

Anxues became am rigorous and nov have been extended to many elemenits

torgaly ftwded =4l by Vross approuimation- In almost every case the

pVIAWstw basis onrigor in design analysis has dematded a more ace'irate

MA Aeailedý d'afintaicao the shock envirousert.

M, Ith v et part, currt veapons effects predict ion methods consider two

beet. VVXA*osk pg1se d"&&, tto jarblsst-inttuce'1 pulse ad the direct-

igamaje pas. U .* Poeedres an given for calculating the peah mations for

emb tMp ot Vpimie amA, tosetber vith suitable. s4lif~cation ratios, thes*

Paek vaim.o sead asa bests for construacting responae spectra. Some

Oat~ad IsProvided, for estittag certaft other parmters of their wave-

ftV# tooh as a Wo L1=t rise time1 positive valocity duratift) and total

*sis *Aantce. Us comfidmea level in the predictions of these latter

jpiiW rs 9b mw to uv3Jy conasideed to to ftr loes then those of the

-ý ' na 1e : P
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To account for the ef-Pects of al1l other ground motions generated by the

nuclear burst, and ini particular of the reflections and. refractions frcm

the various layers of stratified media, the usual practice is to increa.6e

41 the peak airblast-S oduced motions by a fact-r which .4s related to the range

of the polnt of interest and the rangre at vhich outrunning first occitrs.

While L:.!. =tbcd my yield acceptable values for the peak grcrund motions,

it gives no indication of the detailed mature of the waveform other than

to devcr'be it as a "randum oscillation." As a great mzw' facilities of

interest are constructed at higbly stratified sites the problem of defining

time histories of the groundshock is an iaportant one.

In the design of the shock isolation system for the [aunch Control Center

of the MCauteman Weapon System, the combined requirements far attenuation

and rattlespace were impossible to satisfy with a linear system, and as

only a response spectrum vas provided to define the shocki, the engineering

contract~or vas faced with the responsibility for synthesizing va-veforms

which could be exloyea to verify the perforaince of the nonlinear system
he had selected. Considerable diacuassiom then centered about the validity

tha the vaeorst hritial condirution aend rhereesent.1 ed and. ueto

oha the waeorst heitica consitrons tedad thnereesent~ ed. e s iaeto

Partially on the basis of this emperience, the Air ftree fpecial Weapons

Center in 1961 initiated several studlies directed toward the formulat ion of

design methods qiplicable to nonilia shock isolation "ystem for use in

wuaerpgr~md protegctive structures. In one or these (1), all. aailable0

waveform data from niaclir tests vwae re-examined with the objective af

identifying aln characteristic features of the waveis whicb zight be of

sigairicance to the respomwe of low frequency systems. It was fou~nd that
%&m tht contritattioc of the dtirect airblaaut-iawbaeed motion was renove

* from certain test rodthere remained a Icw frequency oscillation of

sufficient str"Mt1 to be oi' vital cqucern in the design of linear as vell

as nonlinear hoick isolation systoems. Altho~wg the osc illati on c ouJA not
be traced directly to its aourre, It -vs suggested that It resulted from

retractions reubmingz to the surfece from ttaftrlyiv layers havf zg higher

se.'sadc velocities. 'This k~pothesis-appeared to correat %nil with the

fact toat in the test data,. the osc illation asmost 4I5Iaret in the

~~-,7
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tramu-seisuc razge where the refraction# vould be expected to contribute a AVa

large percentage to the total ground motion.

ft explore further the possible source of such an oscillation the present

investigation was undertaKen. Other research projects nowv in progress are

wUAVyIng the general problem of the transmission of waves thro~ugh homoge-

neous mW layered., elastic and inelastic media. This effort) however, was

concerned solely with those aspects of groundshock phenomena which might

shed some :tght on the souree and strength of the observed oscillatiuns.

The problem of identifying possible sources of the waves was approached by
two distinctly different methods. First, the vavefront diagrami was empl.oyed

to 4etermine whether or not the oscillations appeared to be simple combi-

nations of airblant-induced, direct-4 .nduced, reflected _,nd refratcted waves

ii~inging at a point in -some sequaence defined by the geology of the site.4

The wevefront diagram is a graphical representation in a vertical plane of

a wavefront as it propagates outward from a point source,. and although

inelastic madis, and arbitrary stratification of the site can be considered,

it Is evident that the method is strictly limited in its ability to portray

faithfully all wave phenomena emanating from a nuclear explosion. Nonethe-

less, as noted earlier, the objective liere was only to establish the phase

relationships and if possible the relative strengths of the -.our types of

waves/and, in this respect, the vavefront diagram sppeared to offer some

promise.

In the'secend approach, the contribution to the oscillatory motion of surface

* waves were investigated theoretically. Again, however, only forms and the

* relative mgnitudes of such waves nee 'be ascertained to class them as likely

relatives of those observed in the test data. %tuns, this effort also was

conducted without the degree of detail considered necessary in a more

rigorous analysis of groundshock v'tve propagation. In particular , the form

an4 strengths of Royleigh waves generated in an elastic., homogeneous half-

spae by s, surface pressure distribution similar to V~at resulting from a

macleer burst were calculated and their phasing with other waves emanating

fromthe source estimated. They were then cowetred with the observed

oscll3atory motions and points of similarity noted.

6
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B. Observed Oscillator, Groundshock. Sauer (i, 25) was the first to

attempt to synthesize the general characteristics of the strong velocity

oscillations observed in several groundshock waveforms integrated from

acceleration records obtained during nuclear weapon tests. While high-

frequency oscillatory phenomena, of course, are frequently folnd in

acceleration traces of this type, they can usually be expected to have

little influence on the.velocity curve. In this case, the relatively low

frequency of the velocity oscillations together with their significant

strength and apparent regularity of form lead to the hypothesis that they

resulted from some undetermined but not unusual interaction of the various

groundshock components.

The oscillations were observed in data taken both at the Eniwetok Proving

Ground (EPG) and at the Nevada Test Site (NTS). To isolate the oscillation,

the essentially regular one-sided velocity waveform commonly associated

with the superseismic airblast-induced groundshock, designated as a Type I

wave and shown in Figure 1, was subtracted from outrunning Operation Tumbler

data and compared with data from Koa 12 where the Type I was, prosumbly,

filtered out by the ground. The relative anplitudes of the various peaks

were averaged over these data as were the relative time durations of the-

cycles. More weight was given to the Koa data since the yield for this shot,

was in the megaton range. After the first tentative velocity curve had been

constructed it was integrated to give the displacement and adjustments were

made in the later portions of the velocity curve so that the residual dis-

placement would be zero.

The resulting oecillation, designatdd as a Type II waves is shown in

Figure 2 and is compared in Figures 3 and 4 with several traces obtained at

Koa. In some caes the normalized curve tits the data very well; in others,

the fit is not so good, but the normalized curve still has the general shape

of the measured motions. Sauer suggest6 that the oscillation is related in

sowe fashion to the outrunning condition and illustrates the development of

outrunning waveforms obtained during Operation TZmbler, Shot No. 1, by

appropriate combinations of Type I and T¶1pe I waveforms (25).

In reviewing the test data, Sauer noted that no characteristic features

could be identified in the acceleration records. It seem reasonable how-

k ..... __o



vrthat If the Z~pe II oscillation is the interaction of ieveral waves

raewbi~g the point of intereict by different routes and at differen'z times,

the awri~al of eeb~ wave should be indicated by a fairly abrupt change in
-Admws~icqm. It is possible,* !thoughs that the nuxber of waves resulting

ftmu the1 l stuwbsace in a highly stratified, nonlinear medium was so large

Vbat the~r identity vex_ lost.

LB 4

B L LB Ll to to L
WmMO-

Figure 1. Type I (Stiperseismic AlrbJlast) Normalized Vertical
Particle Velocity and Displacement Waveforms.

-all

Figure 20 %jpe 1I (Outrunning Ground Nation) NoWaliied Vertical
PsrtiCle Vloc itf MAn Di8plaC*Mit ~WRG 'orui.
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Figure 4. Cqaisom of the ftre 3:1 Vertical Velocity
Waveform with Data from Shot Coacs, (eiap
12nV5, 650 4 Foot RaWge 100 Foot Depth. p

possib Fity re costucin om areasonbycoeapoimon of the shopeIVetca elct

o** the TypenI coupmint by employ1ng information obtalwC from the simple
wave front and tias-istance diagram together vith the few data prowided. byth gondhokprdctonwhos Athv = imliiatos oA .beO
requiredi, it was hoped that the mast important phenomna could be coas~iered

end that the resulting waveform would be a signifiewnt Isgrovemt Over the
arbitrarily selected shapes previously employed In shock Isolation mrstem

analyse7
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'A. Calculation of the transmission of energy from an

air or-surface burst of a nuclear weapon to a given point on or in the

grounl Is an exceedijigly difficult task, even for sites whose geologic

structure is relatively uniform. While several Investigators have form-

ulated computer program to calculate the ground not ions in inelastic,

layered india, tZo date no coniuter solutions have provided time histories

of the ground motion suitable for design purposes.

On the other bund, accepted weapons effects prediction methods yield

little *~we than wdaxnm motions of the ground resulting from a single

waive. Simple pulse type vaveforms are suggested for airbiast,-induced

atid d1,rect-induced wayes, but no guidance is given for predicting wave-

form which might. result by the in~i:4vent at a point of several waves

of different magn~itudes 4 from different directions and at phase intervals

related to the specific site -under consideration. Almst all of these

works have been directed toward the synthesis of respoase spectra of the

groudAmbocks not. va aeform, and thus their direct applicability to shoelk

isolation system design has been limited to linear systems whos, equations

of gation cxatain only constant coefficients.

As a mans for better visua).ainsi the mods. of propaation of the shock

turvou ame pound the deuigner vmy o~loy a wavefroiit diagram. -the

wevenvoat diagram Is himply a representation oC a vertical, plan passing

tbro%* tbe point of weapon burst and the site of interest on which the

position of tU6 wwevrout is hOwn at disacrete time Intervals. Any number

of 3*ywes can be shaft. and orlsnted in whatever fashion the designer

bolieves to be most ropresentative of the actual *its. The degree of

10
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detail that can be included In the vavefront diaL7razn is limited prizs.ia~ly

by the patien@'e and resourcefulness of the designer., but in most instances

the assumptions of elastc, homaogeneoua, isotropic layers with sharp

interfaces have been employed.

Data obtainable from a vavefront. diagraa are primarily the arrival time of

a wave at the po'int of interest, the path by' which the wave reached ther- -

point and the initial dire,'tion of propagtion of the wavefront. If the

assumption of a linear mer-Aum either with or vithout layering is reasonably J

valid., these data can be determinel for all waves generated directly by

the source or by the mc~ring airbiast vavefront. In most cases of interest

however the medium is riot linear even at ranges extending beyond the

rupture zone and thus the velixity of propagation of each wave at each

instant is dependent on the local time-stress history of the mnedium. I'ven

if the nonlinear stress-strain characteristic of the medium is knciun, the

strength of the waves cannot be determined fino the warefrout diagram and

thus the propagation velocity of waves of finite strength can only be

approxiimated.

The first objective of this phase of the work then vas to coqpar cocqited

arrival times of various waves for site and weapon conditions corresponding

+o those prevailing at selected nuclear tests with the measured arrival

times in order to deterzine the degree of error involved in th* assuit ion

*of a linear medium. Por a solution of the second problem, that Is the

estimation of the time of arrival and the sgnituide of the peak motions of

each wave, the wavefront andl the til..-a1lstance Clilgramsi, of course., provide

* little useful data.

B. noe gso of the hyaefroct iaamin Ground Notion Pzoblaw.

The basis and procedure for constructing vaveftont diagrams and eccom-

panying tim-distanc* curves of the refracted and reflecteid wafts and

"metods of using these diagram with the airbiast curve to caqiuto the

111



time of arrival of the first vave are presented in this section. The

methods are then applied to test shcts made during Operation Tumbler and

Uiot Priseilla of Operation Plumbbob. Seismic velocities itaaured during a

convenational seismic survey are cowpared with the veloc4 ties measured during

'the test shots for the purpose of determining the effect of nonlinearity of

the soil andi establishing a basis for computing the time of arrival of wwves

subsequent to the first. Finally, the distribution of energy at the inter-

face of two elastic layers is exauinid to determine the relative prorwtions

of energy carried btr the reflected end refracted waves.

(1) The Vavefront Diagram. Wave-front diagrams were developed

as a tool In seismic prospecting to obtain a better "feel" for the

interpretation of the time-distance graphs obtained from reifraction

seismic surveys. Ra"qIes of the use of wavefront diagrams appeared in the

literature as early as 1950o, (2). Vavefmot diagrams provide a visual

method for embarting both qualitatively andj, vith regard to time andi

distances qumatitatillly. the Dature of the mation of the ground when a

source of enew ats *"plied at a point -in the surface.

(A) buis. A typicai. vavefrvnt diagram is presented in

Fpr -ig Mhe diagram Is s±~ly a cospoaite, planar vertical cross-

section of the ground showing the positions of the vavefront emanating

from a point: source at specific ti.. intervals.* At aW given time the

wawefront to a carved surface passing throtMh the most advanced positionts

reachad bV the disturbtwe at that time.

0b cowntrwt a vwvfrout diagram,. it is convenient, although not essential,

to assUMe that the wave velocity in each layer or sons Is constant. To

cotpo arrival times no asa~ion isnecuessary rqsvrding the character

of thle daaiotwbmc. 2he bwudrias of the various 1.yes" or &one* may be

irreVViar, or arienteid In any direction, and the wave prOPeatIon velocity

* an be allered to cheg in small or large steps, arsi in eithwar or both

tke vartic"1 or harisointal directions.

12
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For any arrangement of layers with different wave velocitiezs, the entire

net c~an be constructed using THuygen 's principle: every poirt on a wave-

front acts as though it were. itself a center of disturbance, seniling out

wavelets of its own,, always away from the soure,# the collective effect

of which constitutes a neviravefront. For comlex profiles, it is usually

easier to construct the vayefront diagram using just the basic principle of

Huygen; however, for regulAu* profiles, construation. can be speeded by
certain other aids. A detai.led step-by-step a sle of the construction

of a wavefront diagram is given in Appendix A.

(B) Character. All of the vavefronts shova in Figure5

are not just sim~ple spherical waves emanating from a pointt', -t iy be

composed of several vayefrouts of different origin and history. For

examiple., the wavefront at a time equaling 3.0 secomls consists of a
combination of four simple wavefronts. The section of the front traveling

In Laer 1 is the "first underlayer wave" which has arrived at thA~t

position by being refracted along the top of layer 2 (first uzzlerlayer)

and back into Layer 1. The part of the front betveen the top of layer 2

and the cwwv BGW is the refracted iove traveling thr~ough the body of

Layer 2. The rxmining part of the front in Layer 2 has been refracted

Into Layer 3 and back into layer 2. This is called the "second uzzlerlayer

wave." The part of the front in Layer 3 is the refracted vave traveling

through the body of that layer.

Due to the higher velocity of layer 2 cosared to Layer 1, th. area to the

* right of Point A In Figure 5 is first reawhed wid oat In nation by the

refracted wave traveling in and along the top of Wapr 2, not by the direct

waea, from Polat S. Ths eagle which the eaderlye pwe maikas WiLth 016

boundary at whiCh it Ort4 laest is wka C;dum of t"e rosltica of rb.

or1#ia *sicea or the forastiam tbicimoosad deamids ouly oa tb- velocity4

ratio 6f the two foatmtloas eijolanzig the bowMiary.
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If layer 2 had a velocity lover than that of Lamyer 1o the direct waves in

would be generated. Onl~y for those bomoaries at which the velocity

increases with depth will underlayer waves be generated.

Along the top of layer 2,9 the uavefronts to the r~ht of Point A appear to

have originated at Point A. Me sew condition exists to the right of

Point B in layer 3~. At both Points A and B, total reflection from a

source at 8 wouldl occur, according to Gnell's Umw.

(C) Snells LUw. Terefraction of waves at the layer

interfaces is governed by Snell's law. 2ais law was discovered ezperi-
mentall1ys but It actually' is cone~~ of Permet 's principle which

states that rows travel along such lines that the optical distance

between aW two points of the rays is a ednixma. If the gives point in

in a ameium charaicterized br a velocit~y different from thet sodium
contairiinsg the second point,, then the raw path between them two points

will not be a straight lie.,

7711



bell' 4 U of r~raftiorn stwntui tint retrct ion or bndiig of t.he ruy
ymh pat owu' Craming rA bory between !mWysr of different velocities
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V

2

camsa (2)

mmaY I lave vel wocity mAI'a strikes an interface vvit a higher

wisci~tw n~ivn tbm Is la certain critical angle of' inId~uce desig-

- - -1 ft rmlb th Mwagle af rafraction r is 90 degrees mid the

xmimew~ ume us Pallel to tinmrfc of disccntinuity. Since# In
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Palate A an So in PI1w. 5j, epr~eot the loastion of a ray path 1rce

?a"A at 21 s mwritiftl Mau* ýfw retract lions vbl-b occur to the
left of ~14A mt 314. sot re1w. to. the uwic. fb act tmt Points

A am a eme lncated tw $"Uls UNm sad represeut the uinuiia t pltbs
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systma intersect. Tvgetber with the layer boundaries# these curves divide

the section iato zones, each tow containing awavfruits of a eamm crign.

Or constructions a&l points an uebca a cuve are epu.Uy distant In turn
from the sour-e along two different paths. Thereforej, such lines are callad

coincide nt-time curves.

(Z) later Aniitals. Mhe uvmfr~mts ahcwn in 7i1ure 5 ame

ounly those arriviag first at whm point. Th direct wae shon as the

first arrival to the left of line AKC In Fi.gure 5 will eumtimze arr iviung

later at points C., K, Ls D, 3, etc. Hmrnvery this mre will remah thewe

points after the arrival of imves tra -V4li blY Ot:3Mi pat J. MW SaMI is
true with the first underlayer 'vew where it is no l~onger a first arrival

to the xiot line of V). Refliectlcus, which are never a first arrivnl.,

viU als raive later at11 paints 41cu the ground smrface. In aii-

tious, the reflactiums wilI occu at the interface between L*Ww 1 md

lower 2, and &lso between ZIper 2 ana layer 3.

since shoar wavestrave at a velocity of *bout cme-balf that of

lnitu~inal mm. tbay do not Wooer in a first arrival vwvfroutj

diegrm. Mo uves will be Ieneamtemd *ewmr a lu~~ulm

strikes a dtaccuim aity %toe there Is a dmp or *JIastc Pralrties.

In fact,, Par mw vames wil be set vp ft QUi situation. For exampe,

to the r*W (-~--.-) iz~imte trwvss Vmus.) A simar out behyw.

Ulm (Wut at Etftyst gaursm) Wtm be "t To if the imeihmt VOW %o'0
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PSi

Figure 7. Refleoted aud Refracted 'Transverse and Loonai-
tudinal Waves due to an Incident longitudinal
Wave.

The division of energy between the different wave,.% depends on thie velo-

cities and the densities of the two media (i.e., V1 and V P.) and, on the

angle between the incideant wave and the surface of discontinuity. Tkk.

energy division between the various waves will be discussed in a later

section. In generalj, for sinple reflection, the proportion off reflectel

energy will be greater for greater differences in the elastic properties

on the two sides of the discontinuity.

In seismic prospecti ng, concern is always with the fastest wavee and,

tberefore, with incident longitudinal waves P, reflected longitudinal.

V wves 1P~l &Au refracted longitudinal waves PP-At +hie present sta-ge of

develol unt of seismic prospecting,* little use is made of the shear waves.

Occasionally, however., special purpose surveys are run to measure the shear

wave velocity to provide data to calculate the elastic properties of a

material, such as Poisson's ratio, ()

18
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ý&q, later arrivals can be sý,vn on a wayefront diagram, but their

presenta4tion becmrns very cmbetraome. They are mom easily. reented on
time-distance cu v lhvbch will be discussed in the following sectlotc.
An exmarle or a retloat,-en wavefront diagram in obgvn in Figuro 28.

(2) Tim-Distance Curves. Tim-distance curves my be
constructed frou data obtained from a seismic survey. In general, a
particular survey vill consist of measuremnents of either the refracted and
direct waves or the reflected wavs,, The tiwq of an-iyal of the wave Is
determlned Iran inspec~tion and correlation of the seismagam from each
qeophone, or record of notion vs. time. The location of -*Agt atq~fte in
'relationl to the disturbwee or "5h~t" 4 S nown. 7he Most Coinn ,I type of

seismic survey used for site ev&1.uh4ion for civil, eieeig Pospes is

tLe refraction survey; howeverj the reflection survey is the most comi in
petroleum or otber deep studies. It vIill be shbown later tkat a refleaction
survey vevild also be of significant value in the evaluation of ground

motions due to nuclear bblet.

The value in this application of the *Uw.4ist;&nce c;rves Iles Usth
ease with which the sequence of arrival1 times, incbluing the first and

later &-rivals, at am- point -of interest can be identified.

7he direction of motion at the point of interest cannot be determined
from the tire-distancea curves and requizes either tVw construction of a
vavefront diagram or a construction -for the particular wave in question,

For Interests the time-distance curve derived from Figure 5Is presented
in Figure 8. Additional tine-distance curves for the test sites at

Frenchmen Flazs and± T-7( ýfucctA Yiats) in the Nevada Proving Grounds are
shown in Figure 24 wn Figures 26 through 28.

19

~ ~-V 1



UL W163-

(A) Basin. Figure 9 represents a subsurface section con-
sistift of two bovisotal layers which are assumed to be isotropic and
usM3* 1 bOmin-0-1w,1 lying nominal longitudinal wrve velocities V1 and V2
11L thle Ono ant lover 1~ers respectively. Assume also that velocities

Vj&&V it;-rease slIghtly with depth., but are sufficiently different so
tWe tbere 1w a abrupt discontinuity in seismic velocity at the interface

P' oint' 0aerm t the source or disturbance and S, a seismometer

staton loosted at distance x from 0.

FcUoing the sip~mosin at 0,, surface waves and three types of longitwii-
M1 wrPOS; direct-, reflected, and refrectedi, are received at St provided
tbwt x Is sufficiently &*eat. Owe direct wave travels along the or-race)

following path 065; the reflected wave follows the path OBS and the
I4

refreated wave ftllows the path 0105. The tiame-istanco curves for the

three longtindasl vates amy be determined a~s follows.

-:ae length of the curved path 08 is sppoxiumtely equal to xp. the slight
auvature being due solely to the increase of velocity with depth. Hence,
the tint, tp required bV the direct wave to traverse the distance OS x

is

1 ad t

The poqition of the wuvefront on the tize-distance curve (Figure 1.0)
therefore Is a Andmght line which passes through the origin and has a
flCr of ingn.tnd 1/V1 .

-> From the geometry of Figure 9j, it is seen that the distance from the point I
pointt 0 to the point of reflection B is

1 14h2
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Mmn ths Interface between U~er I andlaer 2 is parallel to the isurface,,

a eaditim of "a"tr ozits and the distance 09 - . he total
distance travelsd by the reflected wave Is then M + -BS.

a+3 9

Since Ote diftme (+ * ) is also equal to tV1, the time for the
reflected wave to travil distance x ism

1 h

This Is the equation for a rectangular byperbola,* as plotted in Figure 10.

The time-distance curve of the veve which is refracted near the critical

angle, atd therefore travels in th* lower layer along a path vhiich is

#W ot~imtely parallel to the boundary, is obtained by adaing the

time-distance In the two layers& The time-distances ia -the upper and

lowe layros are (OA + Ca)/v 1 and AC/V 2,j respectivuly. It is evident from

Figure Vie~t OA *Ce h/ooe al; also, A * x - 2htan aI.

Nence, the tine for the refracted waye to travel path OACS is

lajatioua 6 wW be sixV11fied by, replacing the trigunamtric kunctions by
their equivalents in terms of the velocities. It follows from Equation

tbat
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Te tm4istence cuvve foar the refracted wvve Is therefore a straight

line boimmg a slope of mgnitue 1/V2 (rigure 10).

Se tim-t'wmee curve can also be used as a basis for calculati•g the

depth, h: to a layer of a higber velocity. For the two lajer case

considered above it ean be found tht

The critical distace is tb' distance to the intersection of the

curves for the direct vav and the refracted vave (beyond the range of

ftgure 10). This exression also indicates the horizontal distame from

the saoce to tt4 point where the first arrivals from the higher velocity

laver tire't reach the ground surface.

D~a the usual cases the geologic section consists of more than two
horzontal layers of thicknesses h1s b2p Ii, .., h a of successively
increasing velocities '1' V20 VY1 n. ~a he nFgr .. Ii
paths or ras pantrating to the various layers will be segments of

staig lines refracted at the Interfaces according to Snells lav. The

agle of the path taken ty the minis= t1 ray to any interface can be

found as follo (referring to Figure 1):
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Figure U1. Miniam Tims Paths for Multiple layers.
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Sms fth 3anga of thes mi~ims tim path in aatV layer in determined by the
velocity In that layer a;A in the fastest layer penetrated and is

iedqsi at o the velocity In interiodite layers.

tMi" the minimum tlime paths given above, the equation for the time-
distance c~urve for the retracted waves can be expressed in the followinag
farE

x P 1 n-1i
t + +y + + (10n VViva~ ný-in

The Intercept time inhom an the top of Figure 11 can be written an

t + ~2~+ i (11)

V 1%~ V2% ~ V*l

Whenever coincident-time curves intersect the ground surf ace, there is an
abrupt c~s in slope in the time-distance curve* indicating that at such
points the first arrival Is due to a differen~t set of waves. As the
slopes of curves of a single system are not discmntnuous, the presence of
such breaks in the curv is a signal that a cbenw, is taking place from
one set of vevee to another. Vuaifrtunstelys in practice It is not alvays
possible to secure data sufficiently precise to detect such a break.

(3) Partition of 14w~ in ft&1ected aM Rtefrac ted Waves. In
K,, ~ the previous sectiono the loading couressiocal vavefront wasa traced from

Its source throughout the surrounding media, including edjacent layers.
"Pt wes metioned that in u similar mimne the first arrivals of wyavs
traveling longr paths coulA also be plotted* althaoug the problem ii'

coqalicated If the seismic velocity has been altered by the passage of
earlier ayves It we also noted that the ivipingementat of ether a con-

pvessiona or distortional wave an an interface separatting indis, of

different characteristics resulted in the generation of four nov waves.

26
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To gain som idea of the nature of the ground motion at a point, the

contribution of all veves rea~ching that point gast be evaluated. The

waves reaching the point by direct passage through a single mdium are

usually assumed to decrease in strength with distance due to spatial dis..

persion. At the interfaces between layersj, however., It is necessary to

compare the distribution of energy among the reflections and refractions.

Equations describing the partition of energy between the reflected and

refracted %mves at san interface separating two media have been published

by Knott (Ii) and are available in more recent literature (5). Numerical

soli'tions of the equations for a vide range of density and velocity ratios

were published by 3Mskat and Hares (6); by DWing,. Jardetsky., and Press (7);

also by Rowell (8). Because of their application to this study) now of

the results of the work by 3Mskat and Xeres is reproduced here. Selected

results from their comanion paWe (9) are also Presented.

(A) Enrgy Division. When a longitudIinal wave ispinges on

a boundary separating layert' of different elastic constants or densities ,

its energy will be distributed among four new wavesj, a longitudinal and a

transverse wave in each layer. The division ct energy among the iý,ifferent

waves depends on the velocities and densities of the towo laytrs and on the

angle between the Incident wave and the plane of the interface.

To illustrate the relative importance of the four waves,* the division among

*them of the energy in the planes 1onqituwitmlp incident wvev is ta~bulated

for one profile in Vablo 1. The ratio of the density of the sodium in the

lower layer to that in tUe unw layer is 1.1 and Poisson's rritio is

assumed to be 0.25 for both media. Mwe parameter toa i the ratio of the

seismc velocity in t-he lower &ayer to that of the u~er layer.

The fractions of the incident leongitudIza' wave evervy converted Into

enargy in the ref lected and transmitted 1crgitutinefl wAn tronsvorse waVes

OT

-' ~'k
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ame t~ea given as fwneticmw of seismic velocity ratio* as. and[ angle of

Lr -locmgfitna~l vwme reflection coefficient

T Utenrerse wit reflection coefficient

lo.- ~ngitufinal, van transmission coefficient

T, anmsvers* wave saascion coefficient

The via of the coefficienta wzt e~lunityi, i.e.,)

+ + L +

It my be seen fron Table 1 that a. wxiles of .tneidence less than criticalý

a large fraction of tbe eaergy in the 1-iei~t vve Is tra- zf erred -Ao tý

refracted, lovigitisnal wave. 1Iwh of t.his t u=fe~c-: t~ ee~rg is tbeen

refracted into still Lover loyers. Tnh each of the laye~rs into which waves .
are refractedl, and it mre `ýIeyo: their respective critical angles, the

rerk-., va-ve ou~ .t~ma iu a direction parallel to the iUPe

of -Q l Ivr. Uader these ccomitionss howverp the transfer of

energy across the interface is not a strong one a on4. a amli percen-

toof the energy in the refracted waves returns to the %qwar layer.

It is evidient that at angles of iinSisnce preate. than the Vritical valias,

all ot the en*W in the int t'eit lan~gitualm1 wav nast, be ref lected

aince refrwctone caftu acct=. Tt eaergy flux 4nasityp or itawa We

unit areaj, ini the reflected wva" dek-rfams s eitit].y with increaisin angles

of lIt ~ncieaf reach.. a stinlam wAt then increases *elauly. Howvesr longer

angle of. inaIA.ce in"I greter ranges wM for cases Vbere the 1=euta

wave is sphericalp rather then plans, spatial dispexs ion tenils to offset

29
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the effect of the increaaes in the reflection coefficients. Nonetheless,

the net result is that the reflections have a greater influence on the

motion in the upper, ,ofter layer than the refractions returning from the

lower layer. It Ay be noted, however, from Figure 8 that the first wave

arriving at the surfaie will always be a direct wave or a refraction,

never a reflection.

This conclusion is supported by the work of Wolf (10) who attempted to

explain the low amplitudes and low frequencies of refracted waves observed

in seismic explorations. Wolf considered a profile consisting of two

semi-infinite elastic media witn both the source of disturbance and the

recording station located in tie upper, softer medium. In a numerical

example, he assumed that the seismic velocity in the upper layer was 10,000

feet per second, the seismic velocity in the lower layer was 15,000 feet

per second: and the range was 5000 feet. The disturbance was a displace-

ment pulse of 0.02 second duration. I -

4.• The calculated horizontal displacement at the recording station is shown

in Figure 12. The refracted wave, RR, arrived at the station at time 0.33

S.seconds after '-he initiation of the disturbance and consisted of a unidi-

rec';ional pulse which lasted until time 0.5 seconds when the direct wave,

SD, arrived. Shortly after the arrival of the direct wave, the motion !ue

to a reflection, RF, from the 4 nterface was observed.

Wolf notes that for this case the omplitude of the horizontal component of

the displacement due to the refractic.. was only 0.08 timej the amplitude of the

direct wave and that the direction of the returning refracted wavefrort

was that of total reflection, i.e., at the angle of critical refraction.

30
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7 o.6 TM USORDS
0.2 D~i~ 1--6TI

R, eD

Figure 12. Waveform of Horizontal Ground Motion:
RR - Refracted Wave, D - Direct Wave,
RF - Reflected Wave (10).

The prevI.ous discussion has been concerned with waves generated by a

single point source of energy. However the nuclear burst also generates

a strong airblast wave which loads the ground surface progressively as it

propagates outward from the origin. As a result, the strengths of the

refracted waves could be reinforced by the loading of subsequent points

as the air wave advances over the ground surface. The direct and reflec-

ted waves could also be reinforced in the same manner. The degree of

reinforcement would also depend upon the seismic velocities, thicknesses

of the layers, and velocity of the air wivefront. Since both the reflec- 7,

ted and refracted waves result from the incidence of the direct wave on

an interface, it is probable that if reinforcement were to occur from A

-the air wave, all waves would benefit nearVl proportionately and the

amplitude ratios would remain about the samie. This reasoning will be

examined further in the section comparing the actual test data with the

predictions using the wavefront diagram.

The transmission and reflection coefficients contained in Table 1 are

derived for a two layer case. The results may, of course, be applied to

a multiple layer system in a step-by-step proce.. However, In order to

S77



ohm the influence of the angle of incidence and the influence of multiple

stratification, Haskat and Wares (9) presented a nuner of examples.

I1fwe 3 is taken from their work.

UXaulution of the examples of Figure 13 show that, when the angle of

incidence is leas than the critical angle, the effect of the magnitude of

the angle of incidence is sall. For most estimates of the energr return.

an assunption of norma incidence is Justified, and the angle of incidence

with the deepest layer should suffice for all purposes when normal inci-

dence is not explicitly assumed.

It can also be seen from the exaqles that the presence of intermediate
interfaces greatly attenuates the energy ultimtely returning from the

layer of greatest depth. A single intermediate interface reducing the

total velocity contrast by two will reduce the fraction of incident energr

returning from the highest velocity layer by a factor of five. An addi-

tional intermediate interface causes a further reduction by a factor of

about five, so that the energy returning ultimately from the 16,000 feet

per second velocity layer would be oWv 0.4 percent in Figure 13(g), as

coqxred to 11.1 percent of +he incident energy in Figure 13(a). Part of

this attenuation is due to the energy reflected from the intermediate

interfaces. However, about half of the total decrease is due to the
hi~her ultimate lose of the incident energy by transmission into the
highest velocity layer because of the reduced velocity contrast.

Figures 13(h) and 13(1), which correspond in their gross features to the

type of section encountered in certain Midwestern districts, show again

the high degree of attenuation resulting from the intermediate reflection

processes. Under the assumed conditions, less than one percent of the

incident energy will return from the highest velocity and deepest layer,

whereas more than five percent will return from the two upper interfaces.

z3
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The velocity sections of Figures 13(j) and l(k) show the influence of an

intermsdiate low-velocity layer. It is seen that, if the section resumes

its normal velocity lncresae with depth after passing the low-velocity

layer, the high contrast at the base of the latter will give rise to high

reflection coefficients and greater ultimate returns of reflected energy to

the surface than will sections where the velocities increase monotonically

with depth and where all the contrasts are rather mall. Thus, in the

specific cases shown in Figures 13(j) and 13(k), almost as much energy will

be returned from the deepest layer as from the first interface. Moreover,

in comparing Figure 13(j) with 13(h), more than three times as much energy

will be reflected from the 15,G00 feet per second layer In Figure 13(j)

than in Figure 13(h), although the latter has one less intermediate

interface.

The percentage of the energy reflected from a weathered or indistinct

interface between layers would be significantly reduced below the values

given in the tables or examples. An indistinct boundary between layers

of a geologic formation is often the result of a gradual change in the

conditions of deposition or weathering prior to deposition of the suc-

ceeding layer. In this case, the velocity gradient is gradual and may

result in more of the energy being refracted into the deeper formation

and less being reflected.

The percentage of energy reflected at a discontinuity increases rapidly

as the angle of in=idence approaches the critical refraction angle.

Howevere, Gutenberg (11) showed that there would be no corresponding

increase in tho amplitudes of the reflected waves at the ground surface.

Instead, the maxima amplitudes of reflected waves are found near the

source of the disturbance. This is because the ground motion is due both

to the reflection from the interface and to its subsequent re-r,;flection

downward from the ground surfa(;e. The amplituae also depends on the rate

'3IS !
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of change of the angle of incidence with distance. That is, the larger

the angle of incidence the larger the area will be at the ground surface

over vhich the initial energy intensity will be spread.

(4) Use of Time-Distance Curves and Wavefront Diagram with

Airblast Arrival Curve. The tire-distance curves, whether

derived from the construction of a vavefront diagram or plotted from a

seismic survey, can be used in conjunction with the airblast arrival curve

to predict the point of first outrunning and the arrival time of various

ground waves at the point of interest. Figures 14 through 17 present the

time-distance curves derived from the vavefront diagram of Figure 5, and

the airblast arrival curve for a 20 N weapon, (Figure 18). The series of

figures illustrates the procedure used in locating the range where the

arrival time of the refracted wave coincides with that due to the airblast.

At greater ranges the refracted wave will arrive prior to the airblast

pressure. In addition to the arrival times of the refracted waves, the

arrival times of the direct wave and the reflected wave from the two

deeper layers are also indicated.

The range at which outrunning first occurs ny• be found by eliding the

origin of the refracted wave time-distance curve along the airblast

arrival time curve until the two intersect at the minimma ground range.

This point will be found when the origin of the refraction time-distance *

curve is located at the point on the airblast arrival curve where the

velocity of the airblast vave equals the velocity of the lxyer whose

time-distance curve intersects the airblas+ wave arrival time curve. For

exaqle, in Figure 14 the origin is located at a point on the airblast

curve where the airblast front is traveling with a velocity of approxi- 4

mately 10P000 feet per second. his is equal to the velocity of tayer 3.

In this exaqle, outrunning ocoure first on the ground surface at

Station 6200. The origin of the refractd vave arriving first at

Station 6200 vas the disturbance generated by the alrblast wave when it

3 A
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Van at a range of 3500 feet. The peak overpressure at Station 6200 is

300 Puurms per square inch, and at Station 3500 is 1500 pounds per square

Inch (27).4

It mW be noted in Figures 14 through 17 that the refracted. 'wave revehes

stations betveen 6200 and 63o0 feet when the origin varies over a range

uetween 250 and 5000 feet, DIe to t.e veloAty variation of the airblsýt

wave and the seismic &eloc- • the wergy carried by the critically

refracteW waves be twwen ths rsre vill arrive at nearly the same time. j
Figures 19' '0-ma 23 indicate the contours on which disturbances gener-

a&ý- t.za t arrive sim.ltaneously at the point of interest. Figure 19
is a piazn viev tf he grcund surface and contains one set of concentric I.
curves rediing from Ground Zero (GZ), representing the position )f the

aj-tiast wavefront at various time intefvals. The airblast data are from

Operation TUIbler Sot No. 1, and are presented with the uvefront diagram h
in Figures 24 said 25. T~e concentric circles radiating from Station 5V
are lines of constant transit time from a disturbance on the surface to

Station 5V. The transit times vere obtained from a modified time-distance

curve (Figure 26) for Frenchman Flat (W-i). The time-distance curve

for this site in turn was obtained by construction of a refraction wave-

front diagram (Figure 27). The somewhat elliptical contours were then

drawn through points which yielded equal transIt tizs from Grouni Zero

to Station 5V. The diagrais and figures are used later to comare the

predictions of the direction of motion and arr'vai times with the field

data from the shots performd at this site during Operation Tumbler Shot
No. i. •

It can be noted by examination of Figure 19 that the areas •ithin which an

impetus of finite duration my be generated &a mM y arrive at the station

at the sa time represent a wide rav~e of Instantaneous pressures -nd

trasit distances. In the pearticu•er co.itiona used to caustruct

Figure 39, it can be meen, for IIAWl., that the refracted wave at an
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arrival time of 0 Y. seconds is generated from both the far side of Ground

Zero and fromr points beyond tee station of interest. Tht same general

situaticn is true for the arrivals of the other waves as shown on the

other figures. This 1.s one of the several couplications which make the

prediction of energies at a given station oo difficult by graphical

methods. General observations regarding the intenzities of the various

arrivals will be discussed in the section coMparing the predictions with

the actual field data.

Figure 24 represents the position of the refracted wavefront W'en the

refracted wavefront diagr3am shown in Figure 27 iS combined with the

airblast arrival data given in Figure 25. It differs from the refraction

diagram of Figure 27 in that in Figure 27 the refracted wavefro&.s emanate

from a point source at "0" while in ?igure 25, the refracted vavefroutb

are getieratecd by the airblast wave moving alone the ground surface.

Figure 25 is constructed by shifting the origii- of the wavefront diagram

(Figure 27) so that it represents the position of the airblast front.

The various positions of t". refracted wave wre sketched and their tran-

sit tim recorded. The envelopes wbich represent the most advanced

positions of the vwafrant at a given tim are those shown = ?igure 24.

Mhe times shown represent the total elapsed tiwe since the burvt. Since

Operation Toibler, S'ot No. 1 vas an airblmst. the initial tim at Ground

Zero wv• equal to O.02 seconds.

Figure 24 show Ve gen•ral change of direction and slope of the first

* arrival weve.0rout. as they recede frow the point. o disturba•fe. .rto

thi-s curve it is possible to scale the arrival tis wA dir•etion of

the first refracted va at any pant below the surface. Tis Adagres

does not show the aroa from fieh ba givev ve wa gin•wetd. If deau-

able, it would be poaible to cowrtruct in a siodlar mam' a digM

showing5 the prqv~petion of rvflaeted vwfts.
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C. C~~i of Predictions vith Field Data. In this section the.

accelerstiow-time vaveforms of several3 test shots are compared With

predictions boas*A on the wavefroirt, diagram mmthod outlined An this report.

Field condittons #sM measurements used in this -comarison have been
obtained from the unclassified reports of Operation Tumblez., Shots No. 1

thrm~uh No. 4 (12) and fromu Operation Plumbbob., Shot PrIsciUla (13). Data
from O~peration Harvetack-1 (1i.4) are not presented due to their classified

nature; howev b. i of the pertinent observations obtained from a comi-
pariar-a v-th the; cat' from those shots will be discussed.

I'iriat, se-.smic i'eloc...Ues computed from data obtained in a refraction

survey at tha test site are compared with those indicated- by the shoc'-

erriw 1 times during a nuclear test. The comparison of velocities
iiasure~ durlng a low stress seismic survey vith those of the mach higher

etrecs teý,st should indicate the variation of wait veloeity with wave
str enSth. A. considerable volumie of material is available concerning the

theardt.1cal and experimental inelastic and dynamic behavior of soils (1.5);-
therefore, a discussion of this aspect will1 not be included Un this pipr.,

In the second pert of this section a comparison is made of the Vrsdietesl

arrival times and directions of motion using the vavefront -dil" umsthod

with the field test records.

(1) Field Test Data. Field test data used in ths rem±biing
portions of this section are presented in Tables 2 througn 12.
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Ta~ble 2

mw TDT1ATh. aMAIAfON 7MUke (12)

HEIGHT
WCAJTIOII DATE~ 0F fIST YIEID

___ ___ __ ___ __ ___ __ (ft) (KT)

1 r7 1 tipri1 1952 793 1.05
2 T-7 15 April 1952 1109 1.15

3 T-7 22 April 1Q52 3447' 30.00

4 T-7 1 Myr 1952 1040 19.60

Tabla 5

OAWWC VEMIT33S (bcIzDXA), OPATION ~tMsMa SM~S (12)

VmmvIu3~r FlAt m  YUC~CA FIAT, T-7 AREA

Ms VNIOCITY DEPTH ~EWIT

0.20 1500 0-580

20-60 2i,00 5-IOw VAiR7ABIB

60.200 2803C0.2,5 3500

200-000 %6027-005
800 ~10,3050.o

-am5
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Table 8

0PEASTIN TM W SHT NO. I -AIDIAST DAT

Sttin Ground Maiu Tl AofStation P Prssur Main Airb last
Zuber ()t) Shock

200 16 26.8o 0.331
201 352 22.8o o.369
202 587 14•.52 0.-451
203 831. 10.00 0.569
2014 10T .86 00111_______205 132 9-7 9oOo -

S1575 7.-8 1.053
207 1821 6.71 1.236

S2 5.23 1.425

•/210 2o7 21.5

Table 9

OfPRATION 'TUMLER, SHOT 110. 2 - AIRBBLABT DATA

stato• Ground "x•a " Wý TI Ism• l 1 " -
Station O Win• tlrblstS
Number ( Sacok

200 151 12.92 0 . --
201 629 9.86 0.67'.
20e 1376 6.2'. 1.063
203 22 4.57 1.58

207 ~ 5125 1
20. 1:07 4,6

'9
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Table 210

MPtiATION TUMBLZR, SHOT 1O. 3 -",AIPB1'iST DATA

• •'u~ •code Range Pressure Main Airblast- .... fllt) L (Dsi) Shoak

200 OB 166 11.18 1.T08
201 1B 6614 11.75 1.759
202 23 1.06 10.15 1.928
203 3B 2154 8.73 2.198
20B 2903 1 2.561
205 5B 3653 6.3 2.981.
206 6D 1.102 6.06 3.4.56
207 7B 5152 14.82 3.962
208 8B 5902 5.32 4.1498
29 L4o2 3.23 2.631
210 1 10B I8_0_1 2.83 6.319

able 11

OPERATION TMBMLI, SHOT 30. 4 - AIRBLAST DATA

Ps Arriva- Ti (sec
tode R-or Mitr. ir Mn Arbast

Numer ro e so

200 an 223 - 140 - 0.225
20 1. 62 q p q P
am 23 131. 8.1 26 0.183 0.585
203 33 2091 7.6 a 0.9014 a
,.5 - 8.3 - 1.,

2C5 35 -w .4 -51.9?
206 6B T3_8 -33 4.62 - 2.538
207 T5 5087 3.75 -3.126

20- 80 5837 - 3.02 63.728

a so isti•ct mwin shock.

p 0*sp 519 bos three separate shocks;
arrialI time, 0.28a, 0.295, sad 0.307 see,

pressures, 26, 42. sad h5 psi.

q bmord not clear; possibly a precursor exists with arrival
tim of 0.21.5 see., =ad pressure Zf .2 psi.

" *
S__
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(2) C0o2axion of 6eisztc Velocity with Test Velocity. As a

ineaos of coqmrir4 the velocity measured luring a norm]1 refraction

wsm4ic sowiy vith the velocity of the grounshock v-, from a nuclea~r

*EpliosIong time-distance c-rves were constriacted using th.* published

selasic velocities of the test sites. The time-distance curve vas then

sh~ifted along the alrbiast arrival curve until the point of outrur.Ang vas

4eterined. 2b resuts of this operst ict are presented £in Figures 29,

M comprison of the predicted times of arrival of the outrunning ground

Vive. with those actmally observead for the Tumbler series of shots shovs

rawartable sV~eu~t. It should be noted tbat the range of overpressures

for the ?kaler series is relatively law, varying between 158 andi 2 pounds

per square inch. Thus, at thes-- pressures, the seismic survey velocities

P.appear to be good approximations to use in predicting first arrivals for
outrunning.

Mw caq~sron aiiwa in ftigure 30j, using the Shot Priscilla data, was not

coselaiuw since outrumnimg did not occur at the test station~s. A cow-

par1.sm of the velacities calculated frc U tarwrival of the peek pressure

~wai at the Igots betwe" tba srfafe and a depth of 50 fleet at Frenhmn

Flat at prermabIi th UM0 pound~s &%er eqmvr iuzb 1*law those measured

ty a refractimn wssic survy is reported V Sauer rU b velocity of

the pokstrss vow Is Oowu to be betwen 2/3 and 3/I. of that measured

by the r*lswt SWV"y

A wey" gad* aftor fit P~r~m411 aboved a* permeent dipplacesent below

Over pr..wjm of abot h.0 pows par square 1moh. Permanent 41splacewnt

of eawlts,, 3Lw~ 11wlelatic behavior of the *oil&.

U eastrast to the 67p, Assert type pW& sells of Prtend d Yucca
VUAS at t"e as am-Tt Site# the soil. eoadt~fs of the Pacific Proving

& m"a satu'atel coral SWAMs med WCra cclo mt pica1 or the

62
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coral atoll of the hnivetok Provinig Grow4u, site of. Shot Ioa. and Cactus,

is a surface Ila~er 5 to 7 feet thick of dry., loose coral sand and broken~

shells. Th seismic velocity of tbe surface layer is approximately 800

feet per second. The surface layer is underlain by the vater surface,

and, in places, by a very hard layer, several feet thickj, of cemnted

coral cong.Li-rate. The seismic velocity of the coniglomrat~e is on the

order of 8,000 feet per second. Delay the vater table the sites are

underlain by alternating, randou, and disccontinuous layers of loose to

dense com-i sand and obells, and other remuts of cenwted cmal cmn-

glouerate shells. The velocity of the saturatted sands is an the or6ar of

5,000 feet per second.

I IA
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Figure 30. Comarisoni of Field Data with Calculated Time-Distanace
Cunrve Operation Plwobbobj, Shot Priscilla.

33)

rLWe 31. Coupwison of Fie3&u Data with CalcUlsted Tim-Distance
Cwv, Opervstion Tu~lers, Mbot W~. 2.

IL&
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Fiart~. 32. cooviriscm of Field Data vita Casculated TIM-Digtanc.

*~~ I ()
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Figure 33. kr~siaon of Field Data Vith Calculated T~matiswItance
Curve,9 corsetion w1 1 5ggy mhot ft. 4&.
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The tAst shot for Kos was arranged so that the first gages recording

groundshock were located at stations where the overpressures were about

1000 pound3 per square inch. Gages were also located at stations which

vw=i]6 receive overpressures of about 100 pounds per square inch.

The significant feature of the ground motions for Shots Koa and Cactus was

that the waveforms had the character of the refracted wave, but of large

asplitude, (Figures 3 and 4). The velocities of these very strong waves

were slightly higher than measured by the refraction seismic surveys at

the respective sites (i4).

It is probable that the hard coral conglomerate acted nearly elastically,

as perhaps did the saturated coral sands. Although the final result of

the pressure and vibrations on the saturated, IL •,e coral sand was deasi-

fication, this my not have occurred until the water had time to drain

from between the sand grains. As a result, the sand-water system may

have acted elastically during the passage of the first high intensity

waves. This possibility may also explain why the maxinmu displacement did

not occur until a time after the entire alivave had passed over the recording

stations.

The inelastic beha*vior of a soil wvu]A be most evident when s large change

ilu stress occurs relative to the initial stress of the soil. Considering,

for a typical site that is not maturated, that the vertical stress due

t,, the overburden is about 0.9 pounds per square inch per foot of depth,

at depths on the order nf 100 to 200 feet, the soil is in.tially stresseud

to and under equilibrium at pressures of 90 to I80 pounds per square

inch. ite overpriesm re, at the ground surface, considering attenuation of

stress with depth, m have to be uwh higher than the initial stress of

the scij before the velocity of the ground waves is significantly reduced

by nkotinearities.

"!6
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The velocity at which soils below the water level transmit a high stress

wave would be close to that of the seismic velocIty of water. Thus the

velocity of a saturated soil as rme8ured during a seismic survey would

seem to be a good approximation to use in constructing a wavefront

diagram.

Sauer (16) suggests that in predicting peak amplitudies of ground. notion

three fourths of the seismic velocity for soils and fractured rock shoubld

be used. E ased upon the evidence shown by the cOmpar15on of the predicted*

arrival time of the refracted wave and that actuall~y measured during the

weapon tests, it would seem reasonable to use the three fourths reduction

for dry soils at overpressures over 140 pounds per square inch; and for the

case of saturated soils, rock, andi perhaps soil at depths greate,. than 200
feet,. to use the velocity as measured by a seisadc survey.

(3) Cg ison of Predicted Arrival Time an Direction of
not~ions with Test GccUElerton Waveform.ludensrt

the manner in Which tb,, contours of equal arrival time (Figures 19 through

23) may be combined with the time-distaince curves (Figures 26 through 28)

to yield arrival times and directions of motion, and as an indication of

the validity of tbe predIctions., test data from Operation Tumbler, Sbot,

No. 1, are coqiaed with the predicted motions in Figures A'4, 35 and 36.1
At the top of each figure, acceleration waveforms, recorded at Stations 3

end 5,* are r'eproduaced here from Reference 12. The station maber uid

direction of motion are indic'ated by the symbols near the vertical scale;

that Is,, A1 Y enotes that the record waa tekun at Stat ion 3 and that the

vertical action was "faaured. The' letter "N" indleates horizontal motion.

while teaigential motio. U.s labeled.'T The lwver charts, cheaecterited



by the arrowsj, show the predicted arrival times of the refractedi, direct

and reflected vaves ewd their directions of motion.

ImbMqent to t.9 earliest arrival of each wave indicated by the arrows,

the M~oti continues long. a the disturbance remains. The position of

the wONs after the first arrival therefore is somewhat arbiLtrary and is

ima mkivti cnJ., of the geueral motion at these later times. The intensity

or the motio varies "s the intensity of the souree changes. However, the

'Unagtbs of the arrow& shown in the figurres are not intended to indicate

vebftv* uftrngtha of the waves.

Sotime of arrival of the first of each type of wave can be determined

directly tram the coutours of Figures 19 through 23. Knowing the ran'ge

ftem the souces the din~ction of motion of refracted waves will be normal

to the refraction wvaefromt at that range as shown in Figure 2T. From

Figure 28,9 the direction of motion of reflected waves can be found in a

similar oner.

if contours of equal arrival time have not been plotted for the site and

wlemapCon ctiams, the same results can bo obtained froms time-distance

curves wmb asthat shown In Figure 26. This figure was ezqployed in

proictbing the. ýzrival tints show in Figures 34 and 35 for Station 3.

l sliding the origin of the tim-distanc. curve &~long the airbiast

arrival curve An the same owner that the point of outrunning is located,

the total tim required for each wave to travel a given range ow Ie

dstermined. It will be found to be fasters howe~e,# to draw contour saps

of equal arrival tima. In either ca..,, the direction of notion is otb-

talknd by th uas of the tagiropriate wavefront diagram as before. It

shouM be noted that timm-distance curves mist be constructed for

botiscntal plants passing through the point of Interest.

The polagic model used in this c I amrso was modified somewhat from the

test data in order to simplify the calculations and in an attempt to

68
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correct for the lover effective velocity of the surface layer while loaded

by the overpressure. The velocity profile used appears on Figure 28. In

reality, the seismic v-locity profile measured in a boring by Shannon and

"Wilson (3) indicated the existence of a layer with a velocity of 2500 feet

per second sandviched between the two surface layers with a velocity of 7.

1500 feet per second. As shown in Figure 13, when such a condition exists

the reflected energy from the nert deepeb' high-'ieloc:zty layer is nearly as

high as that from the first high-velocity laye.-:

The presence of this 2500 feet per second layer mIy e!.ount for the Arp

apparently late reflection arrivals, since this layer wa not included in

the construction of the wavefront diagram and other curves.

There appears to be reasonably good agreement between the arrival time'

and between the phasing of the vertical motion with the horizontal motion.

It appears quite clear, in the cases shown, that the first arrivali of' the

refraction wave do not carry much energy in relatlor to the direct -#ave

and early reflections. At later times, when ene.-V is arriving from many

sources, the vaveform could be expected to have a widely fluctuating

pattern. Relatively minor changes in the sequeuce of stratification woul

significantly alter the pattern.

'The negative (downward) acceleration occuring near t w 0.8 secomidi

_(Figure 36) is not indicated in the diagram as being initiated by the

arrival of a wave. Not al waves, of course, have been Included in the

:diagrm. Shear waves, plastic shock fronts, and reflections due to the i

iqpingement of the refracted waves on the ground surface, for example.

have not been represented on the tim-distance curve although sorm

grester dtal could have been shown if desired.

It is more likely, hoover, that the tall cycle oscillation of the accele-

ration curve is due to the relatively short duration of the alrblast-loIding

which gaerated the refraction. At the range at Ahich the refracting wave 4;

was initiated, the tV., of 4-7aying of the overpressure to fifty Varcent of

its peak valtw was less then 0.10 secos. The rsmid decay of, the pressure

would propagate as a family of r lp•sios which would account for tho oscil-

lation but wbioh have not been sboft on the time distance curve.

69
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Although the first reflections from lover layers to arrive at the station

cowe from sources varying wide;4 in range and overpressure, the work of

Gutenberg (Ui) shows that the close-in sources contribute the largest

percentage of energy even though they my not represent reflections of

rays flatter than the critical angle.

No quantitative estimates can be mae regarding the energy associated vith

the various waves. The evaluation of the stress at a point by spatial

dispersion using the relationships of Boussinesq or Westergaard have been

applied to given area" upon which the load intensity varies with time.

This approach my be feasible for gross low-frequency characteristics of

the waves, but probably would not reveal the detail needed in~thiz appli-

cation.

D. '.1onclusions. The vavefront diagram is a useful and simple means

for predicting certain waveform parameters of importance to shock isolation

system design. If the site geology is known in reasonable detalp the

type of wave first arriving at the point of 4-nteresti, the first arrival

times of waves due tv the airblast, those transmitted directly from the

source, and those reaching the point of Interest by reflections or retrac-

tions from underlyinzg layers can be estimated with good accurae-y. Thus,

the time differences between the arrival# of the vearious waves can be

determined.

Noulinearities iLi the stress-Istrain relationship of the soil am. of little

Importance in calirulating the arrival time of the first wave to reach the

point of interesti, as the wave will travel at the seismic ve'locIt of the

undisturbed medium. For subeequent waves, It Is found that V-'. inItola

state of stress at depths where high-intensity waves frox !ýLrge yield

weapn would4 be reflected or refracted is usually sufficiýntlly high so

that the soil modiaus rzmIns fairly constant. Thereforej, -~egions

outiside the rupfture zone# It is probable that the waves Vill tr-ovel2 at

velocitiLes nearer to the measured seismic veloc it* than to Uh'-o vhlev.

Sight be predicted -m~ the basis of an init-ially unstressed mediLum.

T3
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Qa the basis of coqsrisons of the predicted arrival tineft of refracted

vavs Vith these inaamrsd during sc mral weapons testsj, it appears to be

reasunable to base calculiations on a wave velocity equal to three fourths

of the measured seismic velocity for dry s3oils and pres sures in ex -. ss of

40p~~ per eq'i'e inch. For saturated soils and rock and for all types

of soil. famtIons cut depths greater then 200 feeti, the use of the

inaaured seismic velocity appears to yieldl good correlations with UIM and

M data.

In Rleference 1., it was sugested that the Type II wave was the effect of

an interaction or thi airbiast wave with waves refracted from 1--wer

surfaces. Nowwr the present study has shown that relatively smkl

mut.Uoa ena are carried back Into the upper layers. by refracted

wvivs. Insteadj, it is the reflections which are priniarily responsible

for the return oif enera from a lover to an upper layer.

Flo tb-ts reason it is recominuded that the normal refraction survey made

during. site e~valuiation be supplemented with a reflection seismic survey

a~f the airea near the propoeed ft :lity location. -be refraction surMe

will yie:L4 dstt whicb can be used directly In the construction of the

vavefrcmt diagrman described earlier in this section. Data from the

ft.01ction, seat gram will not only be of value in constructing the

vavaft~~t diagraaWt, 0x.ul also assist in evaluating the relative

,slitudes of the reflections from lower layers.

Wftrberp V hI ~e the airblatt-inducod wave =Wa contribute to the oscillatory

oat%" or the ?ype nvitve, covibirwtions of refractions# and reflect ions,

Abh e direct ccmressiwal and expansion waves can produce oscillations

*Ithastxt the neessaity fur. the pre~ux- ! of the airhiast- Induced ccoagent.

N'rtm the insfrmn 416pm a" sirgporting calculations the dirtction oft

aeb %%ve ouelk-i" the point of interoot from each of the sources can be

Tit1
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determined and, with certain assumptions, the energy in each ray grossl.y
approximated. It is evident from the preceeding discussions, however,
that the total number of waves emanating from~ eac, source is very large.
In the examp~les only the simplest of the compressional body waves have
been considered, the loading function has been assuned to be Invariant
with time, and shear and surface waves have been neglected entirely.
While propagation of all of these pheflomena could be included in the#
tine-distance curve and vavefront. diagrams could be drawn, the fact that
only the roughest eetimotes can be moe of the tine-history of the motion
dpue to each of the waves severely restricts the usefulness of this
graphical method for predicting the waveform of the Type _IT ground motion.

Nonetheleass the wavefrout diagram and the tine distance curves can be
useful tools in providing t simple imens for better visualizing the
routes by which certain waves reach the point of interest and for
determining quantitatively sacn important tine parameters of the comosite
waveform. One simpl application which has been used extenwiVeiy in the
past Is that of determining the time interval betveei the arrivals of
the Type I &irbAwt-induced ave and the Type II oscillatory c...onent.

The interval between the arrivals of the first refraction and the first
reflection can atlso be estimted with fair accuracy. 'These data tgther

aprth,o say, a triangular representation of the moving airbdast loading

permit the gross calculation of the relative strengths oc theme ear-y

If) as in many cases It io, the response spectrum of te tytal sot ion

of the ground as determined by current rohdsbock predlect ion technilqes

is provided as a criterion of the strength of the ntion in a given

application, the problem of synthesizing acceptable time-histories of

the ground notion Is readd appreciably. As the aorival tim and 't

T5
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strength and fowr of the airblatit-induced motion can be estimated with

good sccuracy, and as the arrival times of reflectionb, refractions and

other waves &a desired can be obtained' from the time-distance curve, only

the relative strengths of these latter waves mast be estimated, as the

response spectrum of the composite wave , st match the given spectrum.

Obviously a great deal of intuition is involved in assigning even relative

strengths, biut at least this method provides a broad guideline for con-

structing the Type II oscillation which heretofore has not been available.

And furthermore, the resulting waveform will reflect the influence of the

particular site and weapon parameters.

The directions and phasing of the strong early motions is of vital

importance in the design of many hardened structures, in particular those

extending to or above the !urface of the ground. Herej owing to the lack

of appreciable stiffness in the upward direction, the phasing between

upward and downward outrunning ground motions and between these motions

and the arrival of the airblast wave can have a significant influence on

the response of the structure. Again, while the strength of the motions

can only be approximated grossly, the range of phase relationships of the

first arrivals can be obtained directly from the time-distance curve.

It is clear that a wavefront d.agram, Tire-distance curve or other highly

simplified graphical means cannot be expected to yield accurate, detailed

time-histories of a phenomenon as complex as the propagation of nuclear

blast generated waves in an inelastic, stratified half-space. In the

absence of further atmospherit: nuclear testing, more accurate solutions

mast come from comprehensiie analytical treatments supported by experi-

meat. Hweeri, until the results of such solutions become available in a

forn vhich will permit the engineer readily to construct waveforms directly

applicible to the site and weapon conditions of interest to him, these

graphical techniques, qualitative as they may be, offer vitally needed

Lasistance.

T6
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3. THEX4IMCAL ANALYSIS OF GROUMOCK( WAYEFE.

A. Ba~ud Bcdy waves generated in an infinite or semi-infinite

hotwigeneotsj, elactic, unia~ped medium by the action of a disturbence

applied simiderJ.y at a point do not szhibit omcillatory motions unless the

distu~rbmnce itself is oscillato~ry, In any case, the input wave is propa-

gated throughout the medium unchaiaged in form. In seeking an explanation

for the oscillations reported in Reference 1., possible deviations from

these ideal conitions therefore were investigated.

In Section 2j, the possibility vne examined that the oscillatory nature of

the observed waves (Figure 2) mas due to* the superposition of waves

a~rriving~ at the point of interest from, a comm source,* but by different

routes. Although exccept for the very early' wuions., quantitative corre-

lations could not be obtained, it was ehown that nonuniformities in the site

properties are undoubtedly reuiponsihle to a large if not major extent for

the oscillatory nature of the ZMp II wave. onhoMogeneity of the sites

however,s is not the only possible cause of irregularity in the vaveform.

The energy transmitted to the ground by a su-face burst of a nuclear vmapo

is not steady either in space, or in time. The airbiast wave moving outward.

from the point of burat varies in strength and in waveform, and as it Is

continwous3~v £uqsrting eneray to a nonlinear mediums deviatInes from the

initial Ipaise shape vill be generated.

Dazping characteristic~s of the soil might also lead to oscillations for

exanplej, the theory is advanced in Reference 1T that a sharp seismic dis-

turbance in a homogeneous half-space gives rise to a traveling wavelet of a

shape determined by the nature of the earth's absorptiou spectres for elastic

V waves. It insuhown that seismograms can be dupi~cated by successions of

these wavelets generaLly overlapping but sotimes in the clear. It was

further shown that the center of the wavelet travels with a velocity

characteristic of the madium wAd that the wavelet broadens as it propagates

outward from the source. Whi le this phenomenon sa not be of principal.

significance either here or i.n seinvoram, It does serve to indicate the

variety of effects which xm lead to oscillations.

IT
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A forther possibility is that the oscillations we not due entirelyr to body
N-11 but tMt tby aiso Include motions dim to surface waves of the Rayleigh
tq. Soe strength& of the oscillations due to surface waves would be

*qe1t$0 be greatest at the near-Surfae" locations at which the %tjpe II
waves were meagured. This possibility was investigated here and Rayleigh

wave mo~tions resulting from loading patterns typical of those generafted by

nuclear blasts were examined.

In 1eftnemce 18j, previons studies of maniitudles "* fatus of Rayleigh waves
pteL bylear-iost-type looding 2!uncticas are reviewed.* The corplete

solution -a tess~Gspemt rdcd by a suddenJ.y-applied coa-

coatratea laid with a step distribution in tim has been, treated by Pekeris
and LSf son (19). fte portions of these quantities which areb due to Pa~yleigh
effects were extracted froin these resalts by Chaos Eleich., and Backma (20)

asthe contribution of certain poles In the inversion integrals of the
PWOISsuolution. Boron. and L~ect (18) extended this %wok, considering the
Rayleigh effects due to a decaying presuw pulse of uniform strength acting
ove a circular surface area. of incressing radius.

Ma this stufty, the loadliW fatmetion was further modified to i~nclude a very
StUMS Initial PLUls which Is ae nrly representative or the high yield
maciess blast. A loai of varying umagitude and waveform was considered to
rwe scross the Interface of an elastic, howapose~s, isatxopic half-apace.
fte puan sebion du- to rtsyleigh waves &Imi was calculated for shallow
Leptbo ait varicus raness aMd the equations for the body waves at depths
4ireatlly eloew the cmrter of turot were derived.* The oscillatory nature of

0the RaylI&I& mv was exmmined and their strengths ecompared with the form
sMA strengthof tu airbiast Induced gcsudshock.

(1) Msaulia It was assm that the half-ePpace is homo-
goamosa elastic. Zie paresre due to a surface burst of a nuclear
veop was, rtpesosea as anetnaea point loading, followed by a

T8
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radiallby expanding ring or circular line loading or high intensity with the

loading within the ring being of relatively lov intensity. The radial

Ai

the square root of the time. Only the effect of normal pressure on the

Eurfaoe of the half-space was considered.

(2) Siolified AnaLysis * The expanding ring loading or bleast

wavefront of high intensity was based on data given In Reference 21 for a

20 megaton weepcoi and reproduced here as Figure 37. Here the radial dis-

tancess traveled by the wave and the peak pressures are given for six i

locations of the wavefront. In converting these date to a more amenable form

f or use in the analysis, they were first approximiated by a ring of uniform,

but time-varying distribution, of total force 0, and a ring with a parabolicI
distribution., representing the steep wavefront, of total force 5

(Figure 38). The parabolic ring was further simpglified by eqressing it a

a Delta function traveling with a velocity inversel~y proportional to the

square root of the time. The expani~Lng circular area loadirg vans #W~oai-

mated ty a Heaviside step funmction (Figure 39).

The circular line ring loading front was asswumd to travel slaver than the

area loading front since the resultrant force of the farmer Is at a distance

d r/41 behind the leading edge of the latter.

In Table 1.3 the data of Figure 37 hane been tabultatd and several signifi-
cant parameters calculated. It is seen that the ratio of 15 /S :is fairlyo
constant for the range of primary interest and vas thus fixed at 0.3.

Mo~reover, the productP - Sdis aLs' seen to be reasonably \ccstantj,

averaging about 12 x 1015 pound feet.
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Tabl.e 13

WADIW,0 1hVJUIMS BAME 05 CURVES OF FiGUHE 37

t 4 p1 P 0 PO 0  Sd2x ,0 2 00 1
(as) (ft) -(rt) (Up~i (kpsiL) (1b x iOn) (lb x o2(lb ft x 1015

-4 LU 30 6(A 27 15 .8 0.32 16.5

96 M 1 24. 8 8.9 3.3 0.37 14.o

1.9 1710 530 ri., 5 6.6 3.1 0.47 11.3

4.0 2% 660 6.6 2 5.0 2.0 0.39 1.

12 3 900 1.8 O.JT 3.3 1.1 0.34, 11.8

0.7 0.22 2.5 0.8 0.31 12.7'

boevlate the mvanfrout velocity, let the velocity

vhaee

a -vavefront velocity coefficient

t time

Them the distance. d, 15

d n 2%rt

2
aa d A4t

Similar80
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where al is the vevefront velocity coefficient for the ring loading wave.

The coefficients a and el, based on the. data of Figure 37 are prebented in

Table 114.

!hable' 14

KV'AWATION OF WAVEFROUT VEMLCITY COEFFIIET a AND a, (PROM FMURE 3T)

t d dr da a
(s) (ft) (ft) (ft) =2 6 26

- f/sec x1o) (ft2/secx 1)

2 2360o 66oo 21o 28
122 3560 '900 3330 26 22
291 5040Q 1120 4760 22 19

The average of a is about 25 x 106 square feet per secand (Figure 140)
while the value of a, might be taken about 20 x 106 square feet per
second. However, in view of the indicated trend of the center of the

ring loading to lag more and more as time advances, the value for a, used

in the coqputer solution was taken as only 60 percent of that for a.

Thus,

a, O.6 a

As a first approximatton., only the vertical c~ougent of the Ramyleigh wave
was considered for stations away from the loading zone and near the surface.

Stations at those locations are referred to as Region I, (Figure 41). For

stations located directly under the loading zone and deep undergrou, the

radial horizontal projection r was assumed to be am" in coparison vith.

the depth, z. For these stations, Region I (Figure 1;2), the vertical per-

ticle velocity is the quantity of interest.
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for the iinmusicalss Ospike ratio*

(thiS Vratio fishrly enmeteat thraweiat the rms comer tW Figure 37
MA USWe In TbOa 13), ad for the diumsionlessa "Softness' 1e'ma, as

%% 0 k& bewm IM 'I ete as "Srftnes" 0 md/or location level. An

JaW.S In -a inicates tiat the mai bacms softer, or If the softness
sw~ebmqp as the i'siW of tbe site fram ground zero becoms less.

In the fOlIni4Wg tabodlatices, the figurs in whidh the results are platted
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*Discussion or Equation. * T parameter Ct has bee described as an
izd~ex of "softness" of the wadius thro.u~b which the w~v t~avelss * iwmveri

it amn also be shown to indiicate tihetber the point of interest lies in a

selfic! or a vzperIseluic reoon. Pr definition

But

2 d
a 7ym TM)

Me. sheer wave velocit~y c ca be relate to the A-12atsatnml wav w1loItty
c by the expressioc
p

adwben P~oisson's ratio v In 0.25s c a0.577 c. 7Mea beez given pre-

vicmial a

Ftr a baneanm nu maiu the tnmm1u.c plaW U8 Winld as Use UnstIa

at which the bsast van velocity us eq*1 to t1 tllaattuma. WW aoir

tbat Is# whr V the at this paint
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)v c (r)
In the cases considered. here responses bave been ezaluated for a SO OL~

0.3p 0.3 and 1.0. In thie first three cases, then, t'ne poa~it of interest

lies well, beyond the transeisutic pole. while in the last case the point of

interest coincides with the transeismic point~.

Sindlarlyr, a2 can also be expressed in terms of the Rayleigh wave velocity,

C * Then since c 0  a7

r r

r

an whe v

rr

Hy )ksxc r

v0•ee in this case d is the dist•nce to the point at which the velocity of

th4 Rayleigh wave coincides with that of the edirblast wave. Then the

corresponding timoe. t e s ii

d2

•, c. •n sncea13 c/,,

41I• end e

A giqnle analysis of the vertical velocity response of the mdium at the

surface will revenl readily scme interestiag rr.lationships without the aid

of the electronic computer. Placing t 0 in Equation 34, the following

expression for the vertical velocity is obtqined:

v~ g-Ssa
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The above expression shows that at th-ree values uf tne nondimensional time
Tr, the velocity *' at the surface approaches inftinity; naewly., at Tr0 =7; #%t

T =7 - a;and at T = 7 -% 3 . The significance of the three values of
T whi.ch yiel1d infinite velocities at the so'rface is easily ceen from the

tluie-d~ist&-nee zurve of Figure 43(a). Here tun~ curves are used to indicate

the -;r~vel1 of the blast wave., one for the ring loading and one for the

cylý.ndrical loading. The point on each curve at zihich the Rayleigh wave

velocity is equal to the blast wave velocity was shown previously to be at

tizes r = and T a and at ranges d/z2Oa /7 and d/r= /751so 51so
respectitvely.

.107
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Sondisensional velocity can be related to the dimensional velocity by the

expression:

d~dr) 1 77 AIRBLAST 1
-Idd WAVE Tr

SThen when 
- I B

R 
2T

S( • ) p 1 .0 dA Er- -

4'(d/r) 1
dt *r* dr

d _ 2c 1.0 d/r-- C-)rp

Figure 43(b). Time-Distance CurvF-

From the gecmetry of Vigure 43(b), it is seen that

rr 7 i1 - (- )p

where the subscripts, pp indicates values at the point of tangency, p, and

the subscript, r, indicates Nealues at d/r = 1.0. ln

T 7 CI
r

•iu. the Rayleigh wave generated by the cylindrical loading arrives at
d/r ' 1.0 vbvn

T(IS

.4 the Rayleigh vave generated by the ring loading arrives when

These relationships art val.d of cours•:. only for a s 7/2. At larger values

of C, d/r is greater than 1.0 and the point of tangency, that is the point

at which the airblast and Rayleigh vave velocitier are equal, occurs at a

ground range beyond the point of interest.
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_ -,.'--.,.

•7 
_' _



AIPWL-TR-165-67

.It is seen that these are precisely the values of T at which the velocity

', becomes infinite. Thus at range d = r, the value iT = 7 sinply marks the

arrival of a Rayleigh wave which was generated at the source at r - 0.

The value T = 7 - indicates the arrival at r of a Rayleigh wave either

which traveled at the velocity of the rin6 loading until it became less

than the Rayleigh wave velocity or which originated at the point where the
two velocities were equal. At greater ranges where cr > v, the Rayleigh

wave continued at constant velocity cr, arriving at range r when

T= 7 al, Similarly the thiird infinite vullue of i occured when the
Rayleigh wave generated by the cylindrical loading at the point where the

two velocities were equal reached range r at T = 7 - 0.

Figure 44. Vertical Velocity at Surface.

Using Equation (13), the response can be approximated as shown in Figure 44.

If the two pressure loadings were to move with the same speed, the center

of pressure of the line loading would coincide with the wavefront of the

area loading and their phases would coincide. It is inprobable that an

91
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airblast weve having the continuous variation of pressure with time typical

of those generated by nuclear bursts would produce the two distinct pulses

such as the first two shown in Figure 44 even though the pressure decay

rate following the wavefront were very rapid. Thus the two simple peaks at

'To nd T. would merge into one.

Avftber characteristic of the re ýponse that can be obtained by Equation 1.3

is tbe relativel~y slow rise in the response, ;: followed by a very abrupt

decay. This pbenomenon exists not only on the surface but also below the

surface to considerable depth,. even tihougb the response will be finite due

to the presence of the term 4,(2-l~/ in Equation 34i. The presence

of this spatial decay may be of importance in regard to spalling of rock.

D. Calculated ResponsesiRK,toI Responss obtained bF compter

solutions of Equation 34 are shuwn in Figures 45 through 52. It may be

noted that, in al1 eight c'~sepip the form of the vertical velocities due to

Rayleigh waves agrees closely with that predicted in Figure 44 and by a

studly of the relationqbt.p of the parameters. Mn each case a wave origina-

ting at the source at -e- 0 reaches range d *r at 'r -7*1.08 and at

- - anegative spike of lower amplitude occurs. This latter wave

origInates at the range' at *hich the velocity of the airblast wave from the

ri.iS loading equals the Rale'igi wave velocity, i.e... at d/r *2aX /:V.

The first wave to reach the poirl\t of 4 nterest in all fi~ures except 48 and

52 reached rawg dnr at ¶ - do and originated at range d/r. 2as/7

at, C when the velocity of th* airblast wave from the cylindrical

loading was equal to the Rayleigh wave velocity. In Figures 48 and 52.,

the values of 25 and a 1 are 1.0 and, 0.6 respectively. Thus Rayleigh

so al,

ge~
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vaves arrived at 6 r siualtaanaasly vith the airbiast 'weve. Mmme timg

;f - 0.29

for the cylirhdrtca1 loading and

T1 ra- o .48

for the ring loading.

It may be noted that the Payleigh weaves resulting from the passage of the
cylindrical load ing across range r are not shown ir. Figures h48 and,52 as
they arrive prior to the minium value of rF show.

In all these curves, based on an elastic madiums a fixed spike .* ado
S /so 0.3 and a fixced velocity pareamter ratio a 1/ 0.6, umer1I al/so
should be no ftuviamental changes in sabpe if the ratios are varied onltyt
sl.4ghtly. As shown previouslyi, the phasing between the Rayleigh waves
reaulting from the cylindrical and from the ring lowding Is

while the phating between the Rayleigh w'ays due to the ring loading and
that ge-.vrated at the source is

al"

Both of thece differences are valid, of course, onily It both Ca5 anda
are equal to or greaiter than 7'/2.j

Time-distaL:.-! c~arves for each of the valm~s of cc are shown in Figures
53 through 56. Also indicat~ed In the f~gures are the arrtvals of the
dilatationial %aves.

i9i



bz Fliwgares tbrou 5b it my be rnote4 that the valuies for the dizen-

£1eue*s4 velocity panmter 4ame sharply peaked and that in mzwy cases

their muxma lie outside t~he range shoirn. In aAý,up- cases or grouwishock
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these eýaks would be attemiated. significmntl.y due to two factors. Vlrst,
in lthe region surrounding the point of burst, the elastic theory is invalid

since~ at the extremely high pressures in~ this region the mdium acts

esusentially' Ukge a fluid,. in which of course, Rayleigh waves do not occni.,
1'Ibw vwve originating within this region would be expected to ~be less

severt than those predicted by e ",tic theory.

A selont1 factor tending to reduce the strength of the waves is that, even

coepetent rock vill uot remain elastic at the high stresses accompanying

the high velocities. Soils, e. course, will produce even greater atten-

ustions partIcularly if near the surfacey since they will yield sppreciubJly

in co~ression and can sustain tens~ile loeds no greattr than the in situ

coursasioc.

Thus the strengths of the waves shmw in the curves represent an upper

bound of those that might be expected to occur in a rtal mdiuma. Further.,
the wave velocities wAd shapes would be altered by nonlinearities in the

mediumn, thus changing the arrival tires andI phasing of the waves from those

indicated. This latter effect hak.ever would be expected to be relatively

Althughthestregth ofRayleigh waves in a real medium could be appre-

* ciabl~y less then those shown In the curves., it Is of interest to couare
their strengths with those of dilata-tional w~aves generated by the airblast

loading at. the same sites.* Of the four cases for which numerical values'Iwere obtained, one (a so 1.00) was at the trmnseismie point while the,
remining three were in the subseismic or outrunning region. In the tran-
seimm±c end subseismic regions, the vertical velocity at the surface due to

an airbiast pressure p is not equal to p/pc but is increased by the con-

i ~tribution of the ground-transmitted shock from the ePirblast wave when it

was at a lesser range. Reference 26 recosnads the use of a factor of 1.4
I to account for this effect. Thus

PC p

-~where is the vertiro~l velocity die to the airblsast pressur,-
4 102
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in caculting the strengths of the Rayleigh vans, it vas asmsu d

0 0

where 6. VS the total force exerted o. the surface of the gound by the

qylinzr~cal loading and p0 was the overpressmrt dve to the cylindrical

loading. Referring to Table 13, it is seen that the pressure p1 due to the

ring loading is 4bto&. tVee times Po. Then

letting p p, and d = r, c 0.577 p

4.2 S0  2.4 S0

p

The ground velocity parameter q due to the Rayleigh wave was given as

71 62-8r 2i.j

0

0

Then

Now in Figures 45 through 52 it is seen that the peak strengths of tho

iRayeigh waves generated by the ring loadIng are very high, exceeding

200 units. Thus for the case of an elastic med •umi, and recognizing cha

approximate nature of the coiparison, it if seen that the strength of the

Rayleigh wave due to the ring loading can be larger than that due to the

i1iatational wave generated by the ring loeiing.

10.3

• .... .. . " ' ,, - 4 L•~

S• ., • • ,?II



44

AFWL-TR-65-67

E. Faylelgh Waves in Real Media. A direct quantitative comparison

of the RAyleigh wave pattern resulting from a disturbance in an elastic,

homoneous medium with the oscillatory motions observed at highly strati-

Oied ral site*, of course, is not possible. This work however was directed

primarily toward the identification of phenomena which might contribute

significantly to the Type II oscillation rather than toward direct corre-

lations. In this respect it appears that the investigation was successful

and that several points of importance can be established.

The Rayleigh wave generated by a step loading consists of a single pulse-

like motion in the vertical direction with negligible oscillation. The
wave Lotion resulting from an impulse loading appears to consist of

single-cycle oscillation. In neither case is a train of waves generated.

It is doubtful if the wave transmitted directly from the initial distur-

I bance, would be of significance in a real medium. As it must follow the

direct-induced copressional wave and the air-induced wave, it must pass

through ti.3 ruptured zone surrounding the crater. in this region it is

likely that the highly inelastic behavior of the medium would damp the wave

to a negligible strength.

Even for the elastic case it may be noted that the wave generated by the

steep-fronted airblast wave as it recedes from ground zero at a velocity

equal to that of the Reyleigh wave is by far the most severe. As the

velocities of the airblast wave and the Riyleigh wave are matched outside

of the rupture zone, and as this Rayleigh wave is generated in a medium

which has been preconsolidated by the passage of the dilatational wave, it

is possible that the strength of this wave as predicted by elastic theory

may not be too far in error.

The form of an actual airblast wave consists of a single exponentially

decaying pulse rather than the two distinct blast loadings assumed in the

analysis. Thus the two Rayleigh waves generated by the blast loadings

would, in fact, be superimposed. In addition, the strength of the combined

wave would be less than that shown due to dissipation, the oscillation would

! j be brcadened due to the nonlinearity of the med-um and the symmetry of the

oscillation would be distorted by the inability of the medium to sustain

large tensile stresses.

.104
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In this analysis, it was assumed that the medium was homogeneous. At

layered sites, however, and for certain ratios of density and Lawe's cons-
tants of the two media, a modified form of the Rayleigh wave can exist at

the interface. As it travels at a velocity slightly different from that
of the surface Rayleigh wave, it would be expected that the motion at

shallow depths would be the superposition of the motions due to the two
sets of Rayleigh waves but at some difference in phase. Layering would

also be expected to result in other phenomena, such as refractions and r
reflections at the interface, which wre not considered here.

quantitatively, then, a rough picture of the Rayleigh waves at a real site

can be constructed. In the outrunning or subseismic region where the

Type II oscillations were observed, the Rayleigh wave can never arrive

first, although near the transeismic point in a homogeneous medium it may

arrive simltaneously with the airblast-induced motion. The initial

direction of the vertical component will be upward similar to the initial
upward motion of the Type II mave. The principal part of the ground

velocit~r due to the Rayleigh wave will consist of one full cycle oscil-

lation,

The lack of an indication of the intensity of the Rayleigh wave in real,
layered media precludes the positive identification of any contribution

they may have made to the observed Type II waveforms. Since they arrived

at the point of measurement after the arrival of the r3fracted wave, they

could not have been responsible for the initial upward motion. It is
* possible that some of the later oscillations however are due at least in

part to Rayleigh waves.
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APPENIX A

CONSTRUCTION OF A REFRACTION WAVEFRtONT DTAGRAM

The refraction wavefront diagramn is a graphical representation In a

vertical plane passing through the source and the station of intereiat of

the positions at discrete time intervals of the direct-ir~uced and refrac-

reflcte orshea waesthe refraction wavefront diagram indicates

A great degree of detail can be Included in the wavefront diagram if it is

refraction diagram, the assumption of lineatrity of the medium is not

ithsrcepect that the most severe limitation of the vavefront diagram is
evidnt;thestrngt ofthewave cannot be detera.ined.

Tepractical lii othe detail that sý)~uld be incilued in the vavetront

darmis dpnetofcourse, on the accura-ies with which the site

profle)the soil properties., the 'deapn size and cot.pling efficiency and
teburst location are known. Since in monst cases these parameters are

kononly within broad ranges, many refinements are not warranted.

In the example d...,:dhsed here, a three-layered system is considered

(Figure M8). The upper or surface layer, wlth seismic velocity V1 5000
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feet per second, extends to a depth of P500 feet; the sec =•nd .ý- •r

V2 - 7500 feet per sewod it 4000 feet in thickness; ai- I.t third o

bottom layer has a seismic velocity V* 10,000 feet per second.

the two interfaces are assumed to lie parallel to the surface F.'*U" -:4h, aS

noted above, this assau tion is not necessary and any or i of the

layers could be considered.

1: The scale is first selected and the soil profile drawn in. To

facilitate construction, the horizontal scale (range) shouid be equal to

the vertical scale (depth). Yet at most sites, the range of interest msy

extend to several thouswads of feet while detail miy be desired in a

relatively thin layer. Moreover, the diagram construction begins at the
source and peocedes oim*-rd thus accumulating erroro. A fairly large

scale then is esaential if any accu.racy is to be achieved.

syWond the range at which a refraction from the deepest layer retu-. a to

the surface the shape of the wavefront and its velocity remain constant.

,T•s the wayefront diagram need be extended only to this rauge which My be

computed by Equation 8 or derived frm the relationships given in Section 2.

That is

IV + V'hi.! - V o ~ v 4 v~ 7

:* h for a three-layered system

i The relatlioship for the twoi-layered system is shoivn in F14ure 57,

2 10

.[h.
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- guxe 75. Range = Thickness Ratio at which a Retracted Wave
First Reaches the Surface in a TN--IAyrr System.

STEP 2: Raoys at the critical angle beyond which all waves are reflected
at the interfaces are ther dran,. In Figure 58 the rtr a represents t~he

limiting path in the Layer l - iayer 2 system. The critical angles awe-*

determined according to Snell's law as described in Sectior, 2.

STIP 3: Select a time interval •1 frco the source "0", draw in tayer I

circular arcs representing the position of the direct-induced wave at these

times. The arcs should be extended lightly into layer 2 as shown by the

dashed lines in Figure 58.

M, o.: 7he vav trcotz i U 2r 5 will t not ircul•r ar:s.

D'rectl belov t:ie soLre the wave wv.11 proprta e vit -Cal1 at the se1tic

velccAt.v of the layer. AL.-_',- th •aterfaz.e vwth a alwiljwer, scrter layer

anid a. Angles from the source 1tss than the critical %ngle, t.ne •rizctai

_cr•mornent or the wave vel,>ýcvty. in Lh*% l-wer '..yer vIII2 be Iess than the

........ tsl coon.nt of tt.... -z the upper lay-er. At roints A a:-,d

B, the ....- :ia ;c-ctto ... e,-s i the tv-_ adjacent.t layers wil . e.
B , t e ... •...... + •. ... •- . ...

ilV
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exactly equal and at greater ranges, the velocity in the lower layer along

the interface will exceed that in the upper layer. Thus along an interface,

between Layers 1 and 2 for example, and at ranges greater than Point A, the

initial motion is generated by the first disturbance reaching Point A.

However, at all points within Layer 2 below the interface with Layer 1,

except for those regions where waves are refracted into Layer 2 from lower

layers, the initial motion is generated by disturbances arriving at the

interface from ranges less than Point A. As noted earlier, then, the wave

profiles in Layer 2 are not circular arcs.

At ranges shorter than those indicated by the critical ray, intermediate

points on the wavefront lying between the interface and the depth scale

can be determined graphically by constructing radii from the source through

the region of interest, such as line abc. As the dashed line is simply an

extension of the circular arcs in layer 1, ab is the distance the wave

would travel in Layer 2 if V 2 were equal to V . Then the actual distance P
ab- must be Wb x V2 /VI, Three or four such radii are sufficient for the

r,,curacy needed in most practical applications.

At ranges greater than Point A for Layer 2 and Point B for layer 3, the [
A and B respectively.

STEP 5: The fronts in Layer 1 along the interface between Layers 1 and 2

beyond Point A are first reached and set in motion by the disturbance

traveling in and along the top of Layer 2. This "underlayer wave" has a

straight wavefront in Layer 1 with a slcpe of VI/V as shown in Figure 58.

The intersection of the underlayer wave and the direct wave having the

corresponding ýime is a point on the coincident-time curve W in layer 1.

The coincident-time curve originates at Point A in layer l, and at Point B

in layer 2. In Layer 2, the coincident-time rtwnx represents the inter-

section between the refrracted wavefront of ,aycr 2 a-i the underlayer wave

originating from layer 3.
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The points where the coincident-time curve intersects the ground surface

is represented on the time-distance curve by an abrupt change in the slope

of the line, as shown by Points C and D In FigurG 8.

The wavefront diagram started in Figure 58 it shown in its completed form

in Figure 5.

1

Ii
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APPENDIX B

W{EORETICAL ANALYSIS OF GROUNDSHOCK WAVEFORMS I
I

Blast Wave of a Nuclear Detonation and Its Idealized Approximation

The characteristics of the blast wave due to a nuclear detonation can be

shown roughly as in Figure 37 (21). The maximum pressure occurs at the

cylindrical wavefront from which it decays rapidly and levels off toward

the epicenter. If S denotes the total load on the ground surface exerted

by tne blast wave, d, the distance of the davefront from the epicenter, r,

the radial distance of the site from the epicenter and if the peak pressure , I

spike at the wavefront is approximated by a 8-function, then the normal I
pressure a exerted on the ground by the blast wave may be written approxi-

m a t e l y a s : d -5 ()

Ve" R(x),, 5(x) represent the Heaviside s+.ep fP'ncti , --i t. !44. .1=

respectively,

S0+8 - S (1lib)
:1,

P
S a -

o d

The velocity, v, of the wavefront decay. with time and eventually appron=hes

zero as limit. Because of the numerical values given in Firtre 37, it Is

assumed to be inversely proportional to the square root of time counted from

the instant of detonation. Namely.

115
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v - %/•('5)

2where a is a proportional :onstant. Acco'riingly, tbe lucation of the

wavefront at time t can be easily computed as:

d "_ft v dt - 2 G'T (16)

It amy be noted that this result, d - tt0 5 p is very close to G. I. Taylors

intense blast wave theory (22) which shcvs d -- t A comparison between

=Equation 16 and the observed values from Figure 37 are plotted in Figure 40.I It my be seen that the agreement is quite good if "a" is taken to be

25 (kilofeet) 2 /second.

Substitution of Equation 16 into Equation 14 Sivas the loading function

due to a nuclear blast wave as:

H. ý2 a t_,

Mathematical Analysis

Asasue that. the ground is a hrmogeneouj, elastic half-space of density 0,

shear modulus i, and Poisson's ratio v - 0.25. Using cylindrical coordi-

nates a& shown in Figure 59, letting q and v denote the radial and the

vertical displacements respectively and following Iamb (23), those dis-

placements 'ay be derived from a dilatational potential w and from u shear

.A: potential * according to

2
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22b

T governing differential equations of the =elium ,may be written in terms

of 0and1 * as:

c ? (19a)
PI a1

2K

£!

2 2

,, ,v * , Y-*,.-. (1b) •t

eifure 59. Cy otdri ml Coordinates.

where

of-n(,u/)12 a ci- (4/0) ./ (20)

denote the t,,ar and ditAtational uw speed* of the 4±im ropectiwely*

U17

?N'.
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The sol.utions to Equations l~s and 19b are subjected to the boundary

K ~condit ions

+2a t > 0)z -0 (21a)

-0 t > 0)z -0 (21b)

vbere a ise def ined in Equation 17 and a ar re stress components of the

nedium. The displace..*nt and therefore the potentials also must vanish at

infinity. The initial corditions are such that al.l quant'ties must be zero

!1 Let q, , ;~ and Q; U, 0., y, E denate Laplace and Laplace-Harkel

transforms of q) w, %, 4, a respectively according to

Rj , ) f (q# vp Os *, a)-P dt (22a)
0

4 1 (q# VP JIV 4aP * f (q, D ,, P dp (24b)

TW ~ .~ ~ r d~r (23&)

0 1j
q o Q (2J

ptr P w Cwe Lplc and Henkel traasforu parameters and Sr indicates

UW ;ath of Intogratilon f or Inverse ap3.aee transf ors such thatqv..4
amweastmalyto fvw~tim of p to the riot of "r

So trinetorwd eqt~tions carre ping to Equations l~a, lgb, 21s, and

M1b are:



-2 _4 + h 2 0 0 (24a)

dz

d4 +0 )y C (24b)
dz

(2 .2 + 2 d L& z 0 (25s)

L) + (2e + ky Op ,z - 0 (25b)

where~

h - Cp/ --m / (26)

and is the tAp.A~ce-Hmn)kel trarsforu of the loading function a vhich

taken the form (24) of:

With the aid of the vani'shing bounday conditions at infinity. # and y can

be. obtained eirplicit14. Buatituting into the trsnstormed vorrion of

Equations 18., and 18bo the trsnsforimd vertical and radial. displacements

of the meiium axe given by:

w 4-pz 1?.~.~ .. 2) (2'e +

.2h)J./2 ~2e les4 .2)1/2 (28)

U9
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(tP2 ,I)12 + k2 ) ecp [z(~ + hl/]

2(e + hj2 + kj/ x - + kJ/ (J9

Where

M ( -p (2e + kj- 4 2 + hf 12 + kt/2 (c

and the branch of square root is chosen to yield a positive real part i.n

order to insure the vanishing~ d~.spIAcemient conditions at infinity.

From Equations '?8 and4 29,, similar transformed expressions for radial and

vertical velocities, stress andi strain comonents can be easily derived.

In particulari, the most important quantity needed for detection of the

11peI waveform is the vertical couponent of the particle velocity of

the mediump whose Laplace-Hankel trsnsfo'im can be wrritten doiwn readily a~s

p w(Cop',Z).

Forma1 inversion is accomlished by the aid of Equat ions 22b and 23b.

?be vertical particle velocity of the medium then is given by:

AT' C~P ZCo) opt j Vr o

J Comlete soluations of this integral vali for all. stations Iz the mdium

tioii tberefore Is confined to two regions of practical interest for which

the ratio z/r is either very miaUl or very large. Because of the extieuI

vahn~s taken for this ratio, approximations based on pltsic..l argumnt or

matbosmtica2. stipUficatim am employed to -c~bain solutions which can be

c~qg's4mmiaricaly.

73.2,

* 
4 : * 'ýA L

-O. 
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Solution for Shallow Deith of Station - Region I. z/r << 1

For stations fa trom the loadirnw z.ewe and near the surface, see

Figure 41, the major response of the medium is due to Rayleign waves.

This has been discovered by Rayleigh and is well confirmed by seismological

experience. It has also been found (19) that if the transform approach

were used (as the present analysis did), the Rayleigh wave effect can be

obtained from the transformed solution by utilizing only the residues of

the inversion integrals at certain poles (Rayleigh poles), ignoring branch

integrals which would occur in a coplete solution.

The Rayleigh poles of the transforwd vertical velocity, Equations 28 and

31, are the zeros of Equation 30, M(C,p) a O, which my be easily recognized

as Rayleigh's frequency equation of an elastic half-space. Tv location of

the poles are

p i ic Fj (324L)

where

The contributions from these two poles can be co~uted with the aid of

s1i'le residue theory as

2s 2

r

e4 22[ () - .r)dV((C .23i

- - - .7
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where

•.•:•:'-F 0') - •:

and Re indicates the real part of the quamtity that follows.

With the substitution of Fquation 27, Equation 33 may be integrated ia

closed form as

21i/2IF ( _" So (.22

- - - 7

(I-Y =-i

272 (+ S

1)1
+ a ) - (3 4~a )

",•here

X -Ti/(2~ (•4b)

'122

+ it -. Y2 - 1)1/2 (340

,t (34d)
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2

cr

and

Equation 34a, the Rayleigh pbpin of tbi, -erticr. velocity of the meium)

is plo-t ., 1 ini FIgures 4~5 tý- ý,2 i~i V, t-!1 the orliii.te is the nondimensional

vertical velocity and t+h abicijia is th. n°adimnsional time ". The e

meanings of various poramviers ip +htse Jravings are explained in Figures

41- £Li, .42.[

Solution for I & DeS 1 of St~t__ n Region II. z/r » i-

For stations near tbe lcndinf zcne and deep underground, r, the radial

distance, may be assumed to be zero in comparison with the depth, see

Figure 2., The laplace transform of the vertical displacement then may be

written as

f W o,,. $ (o,tI,.) C.C 350

according to fqiatione a and 23b with J (Vr) evaluated at r O. let a

chage of vmriable

be introduced in Equation 35. ýbstitution of Equations 27 ard 28 yields
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2 ) /2 [ 2 2 1 e~

x 2+ 2(, 2~ 14f2( 2 11

2 x r2~~/ + 1) 4x (.uix2/c)II

zx c

vbere

~ (37b)

02VX + (37c)

I a1  (37d)

The first part of the integral related to SO) hereafter denoted as w, is

00

of a definite integral as

2

a1 x -o / t (38)
0 paizx cj

Substituting this integral in Equation 37Ia and± notin~g the uimilarities o~f

the S 0 and8 termp Equatiou 37a =w be vr:.ttea as
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+ o f (D,p,z) dA + S. f i,p,z]l (39) r
2

where

f (p,p,z) - 12

12 J2(2 x 2+ + -' 3

S' 1) 3. i

i3Y 11 1/- x k4Ob)

2x2+ . x2( 2+ 1)/(+ 1)1/2'

Recall~ing that :; is the laplace transform of the vertical displacement w

by Equation 22a, it is seen that the quantities IV in Equations' 40,.

and 4ob, therefore, are the Laplace transforms of some function, s K1

an1dK 2 such that

l (pz,-,,), 12 (pzO)j • (t,z,P), K2 (tzP, •e"' dt (1)-

It is therefore apparent that the determination of the vertical velt. 2ty

binges an t),, determination of K1 and 2 of Equation 41. To this aed let

125"I.
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-~~ - 4 - r
-~(4a)

r 2 /2P + 1/2

where

Ti C (li2c)

isl~ a nundimnuiona1 time. It my be noted that the form of Equation 42b
I is expressed in suzch a Wu that no ambiguity will. arise when A 0.

Furthermore, all square roots are chosen to be positive.

J ~ ~~abtitution of Equations 142ap I42b andi 42c into Equation 40a., with some
j Mathemtical. muipulation yields the result.

* ~ 11/2

+12+
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Comparing this expression with that of Equation 41y it can be seen that

S(z, -2c(K 2 + 1) 1/2

4 2 ~ 2 2 ' ý'

(2 2+. 1) + (a4

+TP1 + jr4 4Tlf+Tý1 1

for T1>

for T, <

where an -r~ are defined in Equations 42b andi 42c

similarly, let

t Q05a)

*in Pquation 4b hcL leads to

2(4 -1 1/2(145b)

2,1 +> 1 +
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2

"K2 (t zP 2  ) ~

12_1 2+ 1 + W42

K2 ~ 1)1/2)-

for r

vbere x is defined in Equation 45b#

Referring back to Equations 22as 39j 140ap andI 340b it can be seen that the
vertical displa~ceset of the sodiumu directly belay the loading zone Is

V(o1-tox) "o *11 1 (tpzoft) K- tp~~ dft

*0er ar1. 9 e defined in Uquatloma 44i and 16 respectivel~y. The

vertical velocity of the sodium can be easily obtained by a direct

4ifftrentiat ions woosly

4 (op*&) V(opt#) (48

;p~ii I
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A recent review of nuclear groundshock test data revealed oscillatory motions of
vndeterinined origin, but of suffici'tnt magnitude to be of concern in the design of
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of the oscillations exidibited amplification ratioo far exceeding those employed in
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oscillations, and the amplitude and period of each cycle. As the source of the
oscillations was not identified, there was no rational basis for relating theseP
waieform parameters to such basic site and weapon conditions as yield, range,
geologic structure and properties of the medium. In this investigation, two
possible sources of the oscillatory motion are examined. First, the propagation

* of waves in a stratified site are studied and their directions and phase relation-
ships estimated by use of wavefront diagrams and time-distance curves. Second$
the form and strength of Rayleigh waves in an elastic,, homogeneous half-space
which result from surface pressure distributions similar to those generated by
nuclaar bursts were calculated. In both cases, oscillatory phenomena can be
predicted and certain features related to the observed oscillations. However,
the simple approaches employed in this analysis will not yield realistic wave
strengths and thus, the composite waveform. at a point In the half-space cannot be
determined quantitatively.
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